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Abstract 
Heap leaching is a well-established extractive metallurgical technology enabling the economical 
processing of various kinds of low-grade ores, which could not otherwise be exploited. However, 
despite much progress since it was first applied in recent times, the process remains limited by 
low recoveries and long extraction times. It is becoming increasingly clear that the choice of 
heap leaching as a suitable technology to process a particular mineral resource, which is both 
environmentally sound and economically viable, very much depends on having a comprehensive 
understanding of the underlying fundamental mechanisms of the processes and how they interact 
with the particular mineralogy of the ore body under consideration. This paper provides an 
introduction to the theoretical background of various heap leach processes, offers a scientific and 
patent literature overview on technology developments in commercial heap leaching operations 
around the world, identifies factors that drive the selection of heap leaching as a processing 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
2 
technology, describes challenges to exploiting these innovations, and concludes with a 
discussion on the future of heap leaching. 
<B>Keywords: </B>Heap leaching, agglomeration, hydrometallurgy, mineralogy, copper, gold 
Introduction 
Percolation leaching processes can be defined as the selective removal of metal values from a 
mineral by causing a suitable solvent or leaching agent to seep into and through a mass or pile of 
material containing the mineral. The principle of using percolation leaching to produce mineral 
concentrates from mining materials is not new, however. Already in the 16th century the 
extraction of copper using percolation leaching processes was known to be practiced in the Hartz 
Mountains area in Germany and at mines near the river Rio Tinto in Spain. 
Depending on the characteristics of the deposit and the ore, commercial percolation leaching is 
generally grouped into the following (John, 2011): 
1. In-situ Leach (ISL) (Underground); 
2. Dump Leach (DL) (Run of Mine (uncrushed) ore); 
3. Heap Leach (HL) (Crushed and/or agglomerated ore); 
4. Vat Leach (VL) (crushed ore or concentrates); and 
5. Agglomerated Fines Heap Leach (AFHL) (crushed ore or concentrates). 
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The types of percolation leaching with a summary of typical criteria are given in Table 1. 
In this paper the focus is entirely on heap leaching and all associated technology. Heap leaching 
began to be used from the middle of the 20<sup>th</sup> century when the former Bureau of 
Mines of the United States developed heap leaching technology to recover precious metals from 
low-grade heaps of ore using cyanide solutions, adsorption onto activated carbon and recovery 
by electrowinning (Scheffel, 2002). Thus, gold and silver heap leaching began with the first 
Cortez heap leach in 1969 in Nevada as the "birthplace" of modern gold heap leaching (Kappes, 
2002). At the same time, the first modern copper heap leach operation may have been the 
Bluebird copper oxide mine in 1968 (Bartlett, 1998), followed in the early 1970s by a few other 
small operations in the Western United States. Heap leaching of uranium, using either acid or 
alkaline solutions, has been practiced by uranium producers already since the late 1950s. Large-
scale heap leaching can be said to have begun in 1980 when three major copper projects were 
commissioned in Chile, and, at almost the same time, a large number of gold projects were 
commissioned in the Western United States (Kappes, 2002; Bartlett, 1998). 
Ever since, modified technologies have been developed continuously that allowed this 
technology to be applied to many different types of minerals, climates and operations of any size 
(Habashi, 2005a; Kappes, 2002; Scheffel, 2002; Prasad <I>et al</I>., 1991), and beyond copper 
oxide, uranium and gold, it today has a wide range of applications, including copper sulphide 
ores, gold-bearing pyritic ores, and non-metallic minerals such as saltpeter (Valencia <I>et 
al</I>., 2008) as well as soil remediation (Scheffel, 2010; Brierley, 2008; Padilla <I>et al</I>., 
2008; Wu <I>et al</I>., 2007; Hanson and Samani, 1994). Heap leaching is typically used for 
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low-grade deposits, but it is also sometimes applied to small higher-grade deposits in remote or 
politically high-risk locations to minimize capital cost. Heap leaching from low-grade ores has 
become a major contributor to the total global production of copper, gold, silver, and uranium 
(Padilla <I>et al</I>., 2008). Heap leaching also has been considered for zinc (Lizama <I>et 
al</I>., 2012; Petersen and Dixon, 2007) and nickel (Carlsson and Büchel, 2005; Shakir <I>et 
al</I>., 1992) and more recently for platinum group metals (PGMs) bearing ores and electronic 
scrap (Mwase et al., 2014; Ilyas <I>et al.</I>, 2013). It has been demonstrated as a viable low-
cost approach to treat ore from open-pit mining operations with low-grade and complex run of 
mine (ROM) ores, agglomerated flotation tailings and also for the treatment of coarse rejects 
from semi-autogenous grinding (SAG) circuits (Hiskey, 1983). 
The currently expanding use of heap leaching is due to the fact that many developing countries 
have significant mineral reserves, and in those countries mining constitutes one of the main 
sources of income. Heap leaching is suitable here because of its technical simplicity and low 
capital cost. This is the case for countries such as Mexico, Peru and Zambia (Vladimir, 2015; van 
Staden, 2011). Heaps and dumps present a number of advantages and disadvantages compared to 
conventional processing of sulphide ores (i.e. concentration by crushing, grinding, and flotation, 
followed by smelting or agitation leaching of the concentrate) (Ghorbani <I>et al</I>., 2011a; 
Kyle, 2010; Brierley, 2008; Marsden, 2006; Miller, 2003a; Rawlings <I>et al</I>. 2003; 
Acevedo, 2002; Bartlett, 1998; McClelland, 1988; Dorey <I>et al</I>., 1988; Herkenhoff and 
Dean, 1987; Hiskey, 1986; McClelland <I>et al</I>., 1983; Potter, 1981; Chamberlin, 1980). 
These are summarised in Table 2. 
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While heap leaching enjoys considerable success, challenges remain, both technical and 
commercial, which hinder the technology from achieving its full potential. Superficially, heap 
leaching appears to be deceptively simple – this has led to a somewhat careless attitude in the 
early days of gold heap leaching in the 1970s and 80s, when many projects were launched by 
small companies with limited technical support and understanding of the process (Schnell, 2013; 
John, 2011; Scheffel, 2002; Brierley and Brierley, 2001), ultimately resulting in numerous failed 
projects. 
The increase in typical commercial heap height and size has not come about purely as a result of 
economic efficiency, but is also a function of available surface area (John, 2011; Thiela and 
Smith, 2004; Brierley and Brierley, 2001). Heap leach facilities have over the years become 
relatively sophisticated and complex in design and operation, but still numerous metallurgical, 
geotechnical, and environmental challenges remain (Lupo, 2010). 
Heap construction needs to be done such that proper solution percolation and recovery can occur, 
and therefore proper selection of particle size blend, agglomeration additives, heap stacking and 
surface preparation, solution drainage, and correct pipe work for irrigation and drainage is 
essential to ensure an operation’s profitability (Chadwick, 2007; Ulrich <I>et al</I>., 2003; 
Schlitt, 1992). The piled material is invariably heterogeneous and practically no in-situ control 
can be exerted, except for intermittent pH adjustment of irrigated solution, addition of some 
nutrients for bioleaching or manipulation of irrigation rates (Pradhan <I>et al</I>., 2008). 
Compared with agitated tank reactors, heap reactors are more difficult to aerate efficiently and 
liquor channelling, as well as the undesirable formation of gradients of pH and nutrient levels (in 
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6 
bioleaching operations), are difficult to manage (Pradhan et al., 2008; Rawlings, 2005), although 
the authors are not aware of any heap leach operations that are actually nutrient limited. 
Moreover, the rates of oxygen and carbon dioxide transfer that can be obtained are low, and 
extended periods of operation are required in order to achieve sufficient conversions in sulphide 
heaps (Petersen, 2010). Problems with heap percolation may also arise from ore mineralogy, 
more specifically presence of clay minerals (Harneit, <I>et al</I>., 2006; Schlitt, 2005; Baum, 
1999), resulting in increased clogging of heaps over time due to swelling and gradual 
decrepitation. 
Some types of heap leaching are commercially successful (U, Cu and Au) and some remain 
novel ideas or under-commercialised (Zn, Ni, Mn, Co and primary-sulphide copper). The reason 
the heap leaching of some commodities has not yet been commercially successful is less because 
of problems around mobilising them through heap leaching, but more due to the ability to 
achieve high recovery efficiencies of the metal from low-concentration solutions without 
destroying the lixiviant. Solvent extraction (SX) reagents, ion-exchange (IX) resins and activated 
carbon adsorption were the key enablers for successful Cu, U and Au/Ag heap leaching. On the 
other hand, similarly efficient reagents have not yet been identified for the recovery of Zn, Co, 
Mn and Ni without significant pH modification to the PLS through neutralisation of the sulphuric 
acid lixiviant (John, 2011; Galbraith <I>et al</I>., 2003). 
Besides the technical feasibility of the heap leaching process in a particular context, other factors 
such as economic, environmental and the long-term operational plan of the mine that supplies the 
feed ore, as well as social concerns must be considered as part of a feasibility study. Lusinga 
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(2011), based on work by Marsden (2008), developed a methodology and a spreadsheet model 
with a view to integrating techno-economic and environmental objectives simultaneously during 
decision making for process selection. The study, which focussed on the copper industry, showed 
that such considerations are far from straightforward and highly site specific. Quite frequently 
copper heap leaching is used in parallel with concentration of higher grade materials by flotation 
to still extract value from materials which are below the cut-off grade. Similarly, gold mines use 
agitated leaching for high-grade ores and heap leaching for marginal grade ores that otherwise 
would be considered waste rock. A common recovery plant is often employed for both 
operations, which is favourable for overall process economics. 
Given experiences of the past and the long learning curve in successful heap operation, as well as 
the related developments and challenges that went with it, it is increasingly apparent that 
successful application of heap leaching technology will ultimately depend on our having an ever 
more complete understanding of the fundamental processes underlying it. Much work has been 
done towards the development of this understanding on many different fronts. This scientific and 
patent overview touches on various current heap leach technologies and detailed discussion of 
the underlying leaching chemistry and mechanisms in use with various minerals. This review 
paper further identifies some key factors driving heap processes, describes challenges in current 
state and concludes with a discussion about future directions of heap leaching technology. 
The Heap Leaching Process 
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8 
At its simplest, crushed ore is piled on an impermeable pad, and leaching reagents are introduced 
by irrigation from the top. The leaching solution varies, depending on the type of ore to be 
processed, and may consist of a strong acid (typically, sulphuric acid for copper or nickel ores) 
or a dilute cyanide solution (for gold and silver bearing ores). The desired mineral is extracted 
and the solution becomes increasingly loaded as it percolates through the pile. Leaching may be 
facilitated by micro-organisms resident within the ore bed, especially in the presence of sulphide 
minerals. The PLS is collected by a drainage system at the base of the pile and channelled to the 
PLS pond. The PLS is then pumped to the processing facility where the value metal is recovered. 
The barren leach solution (BLS) is pumped to the barren solution pond from where, after 
solution make-up, it is reapplied to the surface of the heap (Watling, 2006). A typical heap 
leaching circuit is shown in Figure 1. 
Macro Scale Heap Operation 
Typical heap heights are between 4 m and 10 m, though in cases where insulation is important, 
heaps may be as high as 18 m (Kappes; 2002). Heaps usually have a large surface area, in the 
order of 0.5 km<sup>2</sup>. The leach pad below the heap is a significant element of a heap 
leach design. The ideal location for the heap is a nearly flat (1% slope), featureless ground 
surface to ensure that all solution will flow across the surface towards collection ditches on the 
base or sides of the heap. Where the slope exceeds 3%, the front edge of the heap (30 to 50 
meters) should be graded flat to provide a buttress to prevent heap failure by sliding. However, 
heaps can be placed in fairly steep-walled valleys (see table 4) with side slopes up to 20% due to 
the support by the rock (Kappes; 2002; Majdi <I>et al</I>., 2007). The maximum rock size of 
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9 
the granular ore materials considered for percolation leaching ranges from large ROM cobble 
and boulder rock fragments to fine crushed sand and gravel particles. In heap leaching, the top 
sizes usually range from 10 to 40 mm. Generally, a P<SUB>80</SUB> of less than 6 mm is 
unacceptable because the bed permeability becomes poor (Brierley and Brierley, 2001), although 
the fines content, regardless of top size, is potentially more critical in this context. The heap is 
aerated from a network of pipes buried at the base of the heap into which air is pumped, with 
typical air flow rates being 0.02 to 0.08 m<sup>3</sup> t<sup>-1</sup> h<sup>-1</sup> (du 
Plessis <I>et al</I>. 2007). The leach solution is distributed across the top of the heap by either 
sprinklers or drip emitters and then flows downwards through the heap under gravity. Typical 
solution volumetric fluxes range between 4 and 20 L m<sup>-2</sup> h<sup>-1</sup> 
(Rossana and Brantes, 2010; Readett <I>et al</I>., 2006; Helle <I>et al</I>., 2005; Rawlings, 
2005; Kappes, 2002). Metal extraction rates in secondary copper sulphides heap leaching 
typically show an initially fast leaching rate, reaching up to 50-60 percent extraction over the 
first few months (relating to conversion of chalcocite to covellite), followed by a slower constant 
rate period reaching up to 80-90 percent copper extraction over the following 12-24 months 
(Dixon and Petersen, 2003). For oxide copper minerals, whether alone or in mixed 
sulphide/oxide ores, more than 90 percent extractions can be achieved in as little as 30 days. 
Bulk solution (and gas) flow 
Once the irrigation process has started, the solution percolates down through the entire heap until 
it reaches the impermeable geo-membrane layer at the base of the leach pad. As discussed above, 
the pad is usually built on a slight slope towards a series of solution drains - this causes the 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
10 
solution to flow towards these drains once it has reached the drainage layer(Thiela and Smith, 
2004). Thorough percolation of lixiviants through the heap improves dissolution of metals. The 
percolation rate of the liquid should be slow enough to provide sufficiently long-lived contact of 
the lixiviant with the ore particles to affect dissolution, and also needs to be fast enough to 
supply reagent at the required reaction rate. Therefore, achieving a uniform permeability is 
required for optimal flow of leach fluids throughout the heap bed (Ilankoon and Neethl ng, 2012; 
Readett <I>et al</I>., 2006). 
In descriptions of heap hydrodynamics, the solution in a bed may be simplified by dividing it 
into two phases, stagnant (immobile) and flowing liquid (Figure 2). Stagnant liquid is found in 
crevices between and in the pores of the ore particles in the ore bed, even if not under irrigation. 
This trapped solution would progressively push air out of the smaller voids to form stagnant acid 
pockets by saturating the pores (Bouffard and Dixon, 2001). Although Dixon and Hendrix 
(1993), in modelling heap processes, assumed that the trapped liquid is only in the pores of 
particles, Sánchez-Chacón and Lapidus (1997) also accounted for a stagnant liquid film over the 
particles surface. The dissolution reactions all occur in the stagnant liquid whence the various 
species diffuse to the flowing liquid (Sheikhzadeh <I>et al</I>. 2005). The stagnant solution 
hold-up in a bed can be affected by physical properties of the solution and the ore, including 
shape, agglomeration, size and wettability (contact angle) (Bouffard and Dixon 2001; Schlitt, 
1992). Typically it accounts for 17 to 32% of the bed void volume or 7 to 13% of total bed 
volume (assuming a bed porosity of 40%) as measured in copper dumps and columns containing 
rocks ranging in size from 5 to 152 mm (Bouffard and Dixon, 2001). 
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11 
The flowing liquid phase moves down through the bed under gravity (Sheikhzadeh <I>et al</I>. 
2005). This liquid starts to flow when small channels (such as pores) are flooded, after which it 
drains through the bed as rivulets and films across the ore particles’ surfaces. The flowing liquid 
volume at steady state is primarily influenced by the packing characteristics of the bed as well as 
the physical properties of the fluid, the liquid flow rate and the gas flow rate (Bouffard and 
Dixon, 2001). If the liquid flow rate is high enough to cause air-filled voids to become pinched 
off, the voids will rapidly fill and ‘flood’. Flooding can cause substantial increases in the flowing 
liquid volume and can also impact gas flow patterns, sometimes causing gas mass transfer 
limitations (Petersen, 2010; Petersen <I>et al</I>., 2010; Bouffard and Dixon, 2002; Bouffard 
and Dixon, 2001; Bartlett, 1998). Air flow will tend to channel through high permeability zones 
(which might be less saturated with solution), leaving low permeability (often flooded) regions 
stagnant and oxygen starved (Lizama, 2001; Bartlett and Prisbrey, 1996). 
Solute diffusion between and within particles 
Heap leaching involves physical and chemical transport of precious metals within the heap. The 
leaching reagents during their journey downwards with the flowing solution first have to diffuse 
into the ore particles and react with the metal bearing minerals in the ore, and then the resultant 
metallic complexes have to diffuse back into the solution (Sánchez-Chacón and Lapidus, 1997). 
The transport of the solute is influenced by the way the solute interacts with the solid-liquid 
matrices in the porous medium. The rate-limiting mass transfer between stagnant and mobile 
liquids leads to the physical non-equilibrium of solute. Further, instantaneous and rate-limited 
chemical interaction of the solute with the particles in the solid matrix also leads to a chemical 
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non-equilibrium of the solute (Bartlett, 1998). The process of dissolution and diffusion of metal 
into the leaching solution, and its subsequent collection in the drainage layer can be correlated 
with the theories of non-ideal flow and solute transport through porous media (Brusseau <I>et 
al</I>., 1990). The effect of inter-particle pore diffusion on extraction rate and mineral leaching 
depends on the length of the diffusion pathway, which may be significant for systems with poor 
distribution between flowing channels and stagnant (flooded) zones (Dixon and Petersen, 2003). 
Solute-mineral reaction phenomena 
The leaching reactions occur when the lixiviant comes into contact with the metal bearing 
minerals in the ore. The principal mechanisms by which minerals dissolve in typical heap leach 
operations are (Shayestehfar <I>et al</I>., 2008; Helle <I>et al</I>., 2005): 
- pH controlled dissolution in acid (Cu oxides, acid soluble U); 
- oxidative dissolution in acid (Cu sulphides, U) or base (U); and 
- ligand based dissolution in alkali solution (Au and Ag in cyanide solution) 
Detailed reaction chemistry of these and other systems under development (such as for example 
NH<SUB>3</SUB> leaching of copper oxides) is discussed in Section 3.2, and kinetic aspects 
in Section 3.3. 
Copper oxide minerals dissolve rapidly in acidic sulphate leach solutions. In uranium leaching, 
acid leaching has the advantage of being more effective with difficult-to-leach ores with complex 
mineralogy due to the higher solubility of uranyl sulphate complexes. The amount of copper that 
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13 
is ultimately extracted from a more common mixed (oxide and sulphide) ore heap largely 
depends on the percentage of the heap exposed to acid-oxidising conditions. In this regard, the 
principal obstacle to successful leaching is the persistence within the leaching system of low Eh-
high pH microenvironments. Such an environment may exist within an individual mineral grain, 
an ore fragment, or some large part of the heap cut off from the flowing solution or gas supply. 
In most copper deposits iron is present in a variety of oxide, hydroxide, sulphate, sulphide and 
silicate minerals that react readily with the leach solution. Depending on the relative abundance 
of these minerals, leaching may release a significant quantity of ferric or ferrous ions into the 
leach solution and cause Eh to go either up or down, as the case may be. Fe species are a key 
redox catalyst in the dissolution of sulphide minerals, or for the oxidation of U(III) and U(IV) 
species to the soluble U(VI) form. Sulphide minerals oxidize by means of three general 
mechanisms: (1) direct application of oxygen, (2) by ferric ions, and (3) the action of microbes, 
although the latter is effectively also oxidation by ferric ions which are regenerated by microbial 
action (Crundwell, 2003). 
While the specific mechanisms operating at the surface of a dissolving sulphide grain are still 
debated, various studies have shown that ferric iron dissolves sulphides 100 to 1000 times faster 
than oxygen under heap leach conditions (ambient or slightly elevated temperatures). In heap 
leaching, the oxidation of iron by the direct action of oxygen is limited by the low solubility of 
oxygen in water and the difficulty in replenishing oxygen from the gas phase to the leach 
solution in the deeper parts of heaps. It is now generally accepted that mineral bioleaching is a 
combined chemical/microbial process in which ferric-iron and protons form the reactants in the 
leaching reaction. The key role of the microorganisms is to generate/regenerate these leaching 
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agents. Moreover, it is well established that microorganisms form an exopolysaccharide (EPS) 
layer when they attach to the mineral (Sand and Gehrke, 2006). Bioleaching reactions take place 
most rapidly and efficiently within this EPS layer and therefore the EPS serves as the reaction 
space (Sand and Gehrke, 2006; Tributsch, 2001). 
The oxidation of gold is a prerequisite for its dissolution in alkaline cyanide solution. Although 
gold is inert to direct oxidation, in the presence of a suitable complexing agent such as cyanide 
gold is oxidized and dissolved to form the stable [Au(CN<SUB>2</SUB>)<sup>-</sup>] 
complex ion. Oxygen is reduced and hydrogen peroxide is formed as an intermediate product 
and becomes the oxidizing agent in two parallel steps (Marsden and House, 2006; de Andrade 
Lima and Hodouin, 2006). The chemistry of this reaction is discussed further in section 3.2.1 
The dissolution of the sulphide minerals tends to be slow unless mediated by microorganisms. 
The reaction is, however, exothermic and will result in self-heating of the ore. Heat builds up in 
the heaps due to rapid sulphide-to-sulphur and sulphur-to-sulphate oxidation. The self-heating of 
sulphides is associated with oxidation reactions under moist conditions. If the heat generated is 
greater than the heat dissipated, the material temperature will rise. Sulphide self-heating can be 
beneficial as higher temperatures enhance reaction kinetics, but in extreme cases it can lead to 
auto-ignition if the heap contains combustible material, as is sometimes observed in heaps of 
pyritic coal spoils (Petersen and Dixon, 2003; Bhakta 2003; Rosenblum and Spira, 1995). Iron 
sulphides are the minerals most associated with this self-heating; pyrrhotite oxidation can be 
very rapid even in the absence of biotic mediation (Rao and Leja, 2004; Rosenblum and Spira, 
1995). 
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Also pyrite oxidation is a strongly exothermic reaction and this lies in the fact that it always 
oxidises to at least 50% SO<SUB>4</SUB>, whereas most other sulphides only go to 
S<sup>0</sup>. Oxidation of pyrite according to the Eq. (1) results in a liberation of 265.5 
kcal/mol FeS<SUB>2</SUB>. 
                                 Eq. (1) 
It has been noted that some sulphides in galvanic contact with pyrite can oxidize at a much faster 
rate due to separation of the anodic dissolution of the sulphide mineral and cathodic reduction 
reactions on the pyrite surface (Wang et al., 2009; Rao and Leja, 2004; Rosenblum and Spira, 
1995). The rate of heating is directly related to the rate of oxidation by releasing heat of reaction 
of the reduction of oxygen in particular (Petersen and Dixon, 2003). Aqueous complexation and 
secondary mineral precipitation/dissolution can affect the heat generation. 
Solution treatment 
Value recovery 
SX-EW 
Heap leaching became an attractive technology only with the arrival of robust and economical 
recovery techniques. For copper, it was solvent extraction and electrowinning (SX-EW) which 
provided the necessary motivation for copper heap leaching practice. The highly selective LIX® 
reagents (hydroxyoximes – chelating agents) allow Cu to be extracted from the relatively low-
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tenor heap leach solutions over a wide pH range without any requirement to neutralize the 
generated acid during extraction. This in fact presented a ‘magic bullet’ for Cu heap leaching 
(John, 2011). Also, the practice of plating on stainless steel to yield A- and premium-grade 
cathodes, have contributed significantly to copper SX-EW becoming a widely accepted 
technology (Ulrich et al., 2003). The ease of operation and the production of top quality 
electrolytic metals close to the mine site (rather than production of an impure copper cement 
requiring further thermal refining), make the economics of the SX processes attractive. It is 
suitable and feasible in the range of small to medium scale operations, where on-site smelting 
would not be economically feasible. Refined copper produced by means of SX-EW accounts for 
over 20 pecent of the world production (John, 2011; Reddy et al., 2005; Grosse et al., 2003; 
Aylmore and Muir, 2001; Kedem and Bromberg, 1993). SX was also used in the HydroZinc™ 
process, a demonstration Zn heap leach process, but the Zn leach liquor first needed to be 
neutralised to remove Fe before SX, as no sufficiently selective extractant was available 
(Harlamovs, 2001; see section 5.5 c). 
Adsorption and IX processes 
In the 1970’s the adsorption process for the recovery of gold using activated carbon was 
commercialised (Srithammavut, 2008). The use of resin adsorbents for the recovery of gold from 
leach liquors is a relatively underdeveloped area of hydrometallurgy because of the abundance of 
cheap activated carbon adsorbents. Resin adsorbents are more expensive than carbon, and their 
application requires the installation of specialized apparatus (Grosse <I>et al</I>., 2003; 
Aylmore and Muir, 2001; Bolinski and Shirley, 1996). 
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Even though thiosulphate is considered to be one of the most promising alternatives to cyanide, it 
is difficult to recover the gold thiosulphate complex (Aylmore and Muir, 2001). The same 
processes that are used for cyanide leach liquors have also been applied to recover gold from 
ammoniacal thiosulphate leach liquors with varying degrees of success. Aurothisosulphate 
Au(S<SUB>2</SUB>O<SUB>3</SUB>)<SUB>2</SUB><sup>3-</sup> has significantly less 
affinity for carbon than aurocyanide Au(CN)<sup>2-</sup> anion (Aylmore and Muir, 2001). 
Carbon adsorption is not therefore as convenient for thiosulphate leaching as it is for 
cyanidation. 
IX and SX are used for concentration and recovery of uranium from pregnant leach liquors. IX 
circuits can be used independently, or as a first step to extract uranium, after which further 
concentration occurs in an SX circuit. IX is ideally suited to treat leach liquors with lower 
uranium concentrations and that is why uranium heap leaching is a feasible route. The use of ion-
exchange recovery in the copper industry is not widespread. This is due to the fact that LIX 
reagents (hydroxyoximes- chelating agents) used in copper SX processes are more efficient, 
selective and economical to use. 
Cementation 
Historically, copper was recovered from leach solutions through cementation (precipitation from 
solution by the replacement of copper in solution by metallic iron). This has been a source of 
relatively inexpensive copper; however, the cement copper produced is relatively impure 
compared to electrowon copper and must be smelted and refined along with flotation 
concentrates. Typically, cemented copper contains between 65 and 85 percent copper, with 
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oxides of iron and other traces of silica and aluminium oxides. In addition, it consumes the acid, 
opposed to SX which preserves the acid in the process overall. The copper cementation process 
is being phased out (except as a subsidiary method of copper production) (Srithammavut, 2008; 
Grosse <I>et al</I>., 2003). 
The Merrill-Crowe process, which is a form of cementation, is a recovery technique where gold 
can be recovered from pregnant leach liquor by adding a pulverized metal. The common 
precipitants are zinc and copper, although iron or aluminium is also sometimes used. Both Zn 
and Cu complex with CN and can’t be recycled and therefore this route presents a disposal 
problem. The particles with cemented gold are removed from the solution using a plate and 
frame filter press. Just as Cu SX-EW replaced cementation of copper on iron, activated carbon 
adsorption replaced Merril Crowe precipitation of gold and silver on zinc dust. 
Lixiviant regeneration 
The acidic raffinate solution that leaves the SX stage is recycled back to the heap via the 
raffinate (barren) pond. In copper leaching, an acidic make-up stream is combined with the 
raffinate in order to get the feed solution to specification; this may contain microorganisms and 
nutrients (Pradhan et al., 2008; Rawlings, 2005), although the authors are not aware of operations 
that actively do so. Ore leaching is not a selective process, and the resulting PLS may often 
include different species besides the desired metal, especially of dissolving gangue species which 
are not recovered in the SX stage. Increased element concentrations result in increased density 
and viscosity of the process water and the formation of secondary insoluble reaction products 
that may migrate through the bed and block solution channels, coat mineral surfaces or cause 
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crud in the SX stage (Watling, 2006). Raffinate bleed may be taken from the main raffinate flow 
in order to control levels of dissolved salts (Mg and Al sulphates) via evaporation ponds. In the 
process described by Kunz (2001), the bleed stream is pre-neutralized and fed to a secondary 
solvent extraction stage, where the rest of the raffinate copper is removed before pumping the 
purified bleed to effluent treatment in an evaporation pond. 
In copper recovery, the SX process generates a clean and highly concentrated advance 
electrolyte; however, it is inevitable for some contaminants, like Fe<sup>2+</sup>, 
Fe<sup>3+</sup> and Cl<sup>- </sup>ions, to be carried over into the EW tank house, causing 
current efficiency loss or poor deposit quality. To maintain an acceptable level of impurities, a 
determined volume of rich electrolyte is bled and replaced with process water. This purge or 
bleed stream is commonly sent to the raffinate pond, which is finally used for heap leaching. As 
the bleed stream has a significant copper content – usually above 35 grams per litre - the impact 
of its discharge to raffinate compromises overall recovery by an unwanted recirculating copper 
load (Guzman, 2008; Sánchez-Chacón and Lapidus, 1997). Badilla and Haussmann (2013) 
introduced the emew® technology for copper recovery from electrowinning bleed before sending 
it to the raffinate. Results of the column tests – with raffinate fed with both emew®-treated and 
untreated bleed – showed a difference of 8.9% of copper recovery in favour of the emew® 
treated stream. 
Heap location 
The greatest tonnage of heap-leached copper comes from the dry parts of the world such as 
inland Australia, south western United States, north western Mexico, Chile and Peru in South 
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America, and Myanmar’s dry central region. A common problem faced by most operators is 
supply of sufficient water to make up for the evaporation and process losses that occur in heap 
leaching. Essentially, all of the water either ends up evaporating or tied up in spent heaps. Water 
usage varies with the climatic conditions and the leach time required for economic extraction of 
the copper. The shorter the leach time the less solution irrigation is required and the lower the 
evaporative water loss per tonne of ore leached. Alternative irrigation systems such as drippers 
minimise losses by evaporation, but these also have some limits in terms of the leach rate that 
can be achieved (Rossana and Brantes, 2010; Miller, 2003b). Low temperature can be a problem 
in gold heap leaching. Many Nevada gold heap leach operations report a significant recovery 
decrease in winter, which is offset the following summer (Mellado <I>et al</I>., 2011). 
Talvivaara's heap bio-leaching operation, which could remain operation in ambient conditions as 
low as -20°C, is, on the other hand, an example of the beneficial authothermal oxidation of large 
quantities of pyrrhotite and pyrite in the ore (Saari and Riekkola-Vanhanen, 2011). 
High ambient temperature at a heap location is not a direct problem and no heap operations have 
reported problems with operating at elevated temperatures. In very hot desert areas where drip 
irrigation is used, the heat of the day will significantly heat the solution. Radiation heating and 
cooling of the heap surface plays a role in area of high insolation, especially in high altitude 
deserts such as in Northern Chile (Dixon, 2000). In dry climates, evaporative losses are high, but 
heap leaching is less problematic in warm and humid climates. As the prevalence of rainfall 
increases, the water balance becomes much more important to overall heap performance and 
solution management, as is the case for heaps operated in tropical climates. 
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Several gold heaps are located in the high Andes of South America (Comco at Potosi, Bolivia; 
Yanacocha and Pierina, Peru; Refugio, Chile) at altitudes above 4000 meters. Although oxygen 
availability at these altitudes is only 60% of that at sea level, gold heap leaching proceeds at rates 
similar to that at sea level (oxygen is required for the process, but is not usually rate-limiting in a 
gold heap leach operation)(Mellado <I>et al</I>., 2011; Rossana and Brantes, 2010). Copper 
sulphide leaching, on the other hand, is likely to be severely hampered at high altitude (Petersen, 
2010). 
Potential environmental impacts of heap leaching 
Although one of the reasons for introducing heap leaching technology has been a perceived 
reduced environmental impact compared to other operations, especially pyrometallurgical 
processes, little effort has been made to assess and improve the environmental effects of this 
leaching system (Mellado <I>et al</I>., 2011). Environmental concerns associated with heap 
leach facilities revolve primarily around failure to contain process solutions within the heap 
leach circuit. Their potential release into the receiving surface and subsurface environment 
would impact on the health of people, livestock and ecosystems (van Zyl and Bronson, 1994). 
Heap leaching is arguably the mode of extractive metallurgy where companies should have the 
strongest economic imperative to impose the most stringent of environmental controls, 
particularly in the context of preventing solution losses from the process water circuit (Mellado 
<I>et al</I>., 2011; van Zyl and Bronson, 1994). The ultimate closure of the Talvivaara 
operation is attributable to a strongly net positive water balance, resulting in the accumulation of 
low-grade raffinate solution from an excess of melt-water percolating through the heap, the 
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storage of which ultimately resulted in spill-overs and leaks. Although this is an issue of solution 
management rather than heap leach technology, the large surface area of heaps does facilitate the 
ingress of significant quantities of excess precipitation in boreal and tropical climates, which 
needs to be accounted for. 
The heap leach infrastructure is spread over a much larger area than other metallurgical plants, 
over which it is much harder to achieve effective access control. Allied to this, the process 
solution is often exposed to the environment in open solution trenches and process ponds rather 
than being contained in process vessels and pipes with limited access, thus posing a much greater 
threat to animals. There may also be potential risks to worker health and safety associated with 
the windblown dispersion of process solution droplets (and dust) from the leach pad, particularly 
from facilities using spray (as opposed to trickle) irrigation, even though these are likely to be 
limited in aerial extent. Beyond the immediate confines of the heap leach pad, there exist a 
potential for process solution release from the leach pad circuit to cause deterioration of water 
quality in the receiving environment, sometimes to the point of compromising its beneficial use 
(Rossana and Brantes, 2010; Norton and Crundwell; 2004). A reclamation plan is generally a 
standard requirement of permitting today. The long-term, post-operational stability of the heaps, 
pits, and waste dumps must be ensured. 
Rock-dumps have often been likened to leaching heaps, and leachate generation from such 
dumps follows the same principles as heap leaching, but usually without the controls to contain 
such leachates. It could be argued that in the absence of low cost treatment options such as heap 
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leaching, many low-grade ores would not be economically processed and stored in dumps 
instead, posing a long-term environmental risk through continuing leachate generation. 
Ores and Leach Chemistry in Heap Leaching 
The chemistry involved in heap leaching is of a complex nature, primarily with regard to 
chemical environment, gangue mineralogy and particle effects in terms of size and fracturing. 
Hence, it is of some significance to study in some detail the chemistry involved in a particular 
heap leaching process (Gericke, 2011; Pownceby <I>et al</I>., 2007; Harneit, <I>et al</I>., 
2006; Schlitt, 2005; Baum, 1999), rather than referring to it in a generic fashion. 
Ore types 
Metal dissolution (by either chemical or by microbial methods) depends on the nature of the 
mineral ore, i.e. its precise chemical composition, ore type or its origin (Benvie, 2007; Pownceby 
<I>et al</I>., 2007; Schlitt, 2005; Baum, 1999). Each mineral has a unique level of potential 
solubility, with the dissolution kinetics being limited by a multitude of reaction products. For 
example, it has been observed that the oxidation of different metal sulphides proceeds via 
different intermediates (Watling, 2006; Rawlings <I>et al</I>. 2003; Olson <I>et al</I>. 2003). 
The manner in which gold occurs, and its association with the gangue minerals, dictates whether 
or not the ore can be processed by cyanide heap leaching (Vaughan, 2004). In sulphidic 
refractory gold ores, fine gold particles may be highly disseminated and locked up in sulphide 
minerals such as pyrite and arsenopyrite, such that cyanide solution is unable to access the gold 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
24 
chemically or physically. Iron sulphide minerals, which are common constituents of gold ores, 
are oxidized to some extent during the cyanide leach, thus resulting in the formation of acid. 
These acids are neutralized by the lime used in the cyanide leach sequence. Copper minerals may 
be dissolved by the cyanide leach solution and thus consume large quantities of NaCN and 
oxygen. Arsenic-bearing minerals may also interfere with cyanidation. Realgar (AsS) and 
orpiment (As<SUB>2</SUB>S<SUB>3</SUB>) react rapidly with the cyanide solution and 
inhibit the dissolution of gold. Arsenopyrite (FeAsS), however, generally oxidizes very slowly in 
an aerated cyanide solution and has very little adverse effect on the leaching of gold. Stibnite 
(Sb<SUB>2</SUB>S<SUB>3</SUB>) strongly inhibits cyanidation (Vaughan and Kyin, 
2004). Carbonaceous ores are difficult to treat because fine-grained carbonaceous material in 
ores adsorbs gold from pregnant leach solution. A major problem of such ores is to determine 
how much gold recovery is lost because of preg-robbing and how much is lost because of 
refractory sulphides (Vaughan and Kyin, 2004). When both, sulphides and carbonaceous matter, 
are present then the ore is classified as a double refractory ore and it requires pre-treatment 
before leaching. 
Copper ores exist in different forms of oxides, primary and secondary sulphides. The efficiency 
of leaching depends strongly upon the minerals that make up the ore. For example, whereas 
tenorite (CuO) and malachite (Cu<SUB>2</SUB>(CO<SUB>3</SUB>)(OH)<SUB>2</SUB>) 
might require only hours of leaching, even at low temperatures, other copper oxides, such as 
cuprite (Cu<SUB>2</SUB>O), require oxidation and more leach time, and in the case of 
chrysocolla (CuSiO<SUB>3</SUB>·2H<SUB>2</SUB>O), due to the hard silicate mineral 
structure, slower leaching behaviour prevails, requiring strong acid. Chalcocite 
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(Cu<SUB>2</SUB>S) and covellite (CuS) require months of heap leaching and chalcopyrite 
would require years of dump leaching. 
Some oxide minerals, such as copper in iron compounds and "wad" (neotocite), a 
manganiferrous copper compound, can have dissolution rates approaching that of secondary 
minerals. Therefore, these minerals may not reach their ultimate economic extraction if the heap 
leach design considers only the fast-leaching copper oxide minerals (Baum, 1999). 
The processing response of an ore is determined by the nature of its constituent minerals. 
Maximum recoveries are largely determined by the uranium minerals, while the gangue, by 
virtue of its higher concentration, typically accounts for the majority of reagent consumption. 
Uranium most commonly occurs as various oxide minerals that require oxidative leaching for 
solubilisation. U(IV)<sup> </sup>has a low solubility in both dilute acid and carbonate (alkali) 
solutions (Lottering <I>et al</I>., 2008). Leaching of uranium-bearing minerals is accomplished 
by oxidation of the insoluble U(IV) form to the acid soluble U(VI) form in an acid environment 
(as the complex, [UO<SUB>2</SUB>(SO<SUB>4</SUB>)<SUB>3</SUB>]<sup>4+</sup>). 
There are minerals described as refractory, such as brannerite, which requires more aggressive 
leach conditions and is unleachable under the prevailing conditions of a heap (Lottering <I>et 
al</I>., 2008). Uranium is typically recovered in acid circuits using sulphuric acid, or in alkaline 
circuits using a sodium carbonate bicarbonate mix. Acid leaching is the preferred method, but 
alkaline leaching is used when the ore contains a high amount of calcium carbonate (calcite) and 
magnesium carbonate (dolomite). The selection of acid or alkaline leach is based on a number of 
key process drivers which have been discussed in detail by Lottering <I>et al</I>. (2008). 
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Ore type and mineralogy effects in the niche applications of heap leaching for commodities such 
as nickel, caliche mineral, zinc sulphide and PGMs are discussed in the section 5.5. 
At the particle scale, leaching is governed by the way in which mineral grains are distributed 
within a single particle. Mineral grains may be present as anything from free grains to 
encapsulated local spots inside a particle. Their distribution and accessibility within particles 
directly determine the leachability of the target mineral. Sulphide minerals also exhibit a surface 
rest potential and can therefore corrode by galvanic action (Deschênes <I>et al</I>., 2001, 2000, 
1999). The direct microbial interaction with exposed mineral surfaces (contact leaching 
mechanism) is important in heap bioleaching, as bacterial attachment is a function of available 
substrate surfaces (Chiume <I>et al</I>., 2012; Africa <I>et al</I>. 2010; Sand and Gehrke, 
2006). The presence of metal sulphides (mostly pyrite/pyrrhotite) in the ore tends to promote 
bacterial activity in heaps. Pyrite typically occurs in all ores treated by heap leaching. Pyrite does 
not contribute valuable metal, can lead to precipitation of potentially interfering ferri-hydroxides 
and jarosite, and in aerated heaps scavenge available oxygen. However, its presence in ores also 
holds some advantages (van Staden, 2007a; Rawlings, 2004; Sand and Gehrke, 2006): 
 Iron acts as an important intermediary electron carrier in sulphide oxidation reactions, 
and pyrite is a key source of such iron. 
 The gangue reactions occurring during the heap leaching of whole ores invariably result 
in a net acid demand in the heap, and the oxidation of the pyrite content of the ore is probably the 
cheapest source of acid available. 
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 In those cases that rely on elevated heap leach temperatures (namely the heap leaching of 
refractory sulphide ore and of uranium ore), the oxidation of pyrite provides a very cheap source 
of heat. 
Therefore, in any of the possible heap leach applications it is possible that the addition to the ore 
of an external pyrite-rich material has to be considered to augment the natural pyrite content, 
either for the purpose of acid generation, and/or for the purpose of heat generation in the heaps 
(van Staden, 2007a). 
Reaction chemistry 
For Au and PGMs 
The cyanidation process has proven to be an effective and economical option for successful gold 
extraction over time. For gold, it works well at ambient conditions, and, depending on the grade 
of ore, cyanide leaching can be carried out in open vats or open dumps and heaps (Srithammavut, 
2008; Grosse et al., 2003). Furthermore, from a variety of reagents investigated as alternatives 
(sodium bisulphide, thiosulphate, thiocyanate, thiourea, hypochlorite, bromide and iodide 
solutions) cyanide has proven to be the most effective and the most environmentally acceptable 
reagent – despite its perceived toxicity. This is due to the fact that cyanide undergoes natural 
degradation reactions which can render it non-toxic (decomposing to carbon dioxide and 
nitrogen compounds). These natural reactions have been utilised by the mining industry as the 
most common means of attenuating cyanide. However, the rate of natural degradation is largely 
dependent on environmental conditions and may not produce an effluent of desirable quality in 
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all cases<SUB> </SUB>(Barter, 2001). The chemistry of leaching gold and silver from their 
ores is essentially the same for both metals. A dilute alkaline solution of sodium cyanide 
dissolves these metals even at very low concentrations. However, copper, zinc, mercury and iron 
are the most common soluble impurities that can result in significant losses of cyanide if present 
in significant quantities in the gold bearing mineral. 
A general reaction for gold dissolution is as Eq. (2): 
                                                           
               
        
                                   Eq. (2) 
The gold dissolution rate is dependent on the concentration of NaCN and the alkalinity of the 
solution, which is normally maintained at an alkaline pH of 9.5 to 11. Silver is usually not as 
reactive with cyanide as gold. This is because gold almost always occurs as the metal, whereas 
silver may be present in the ore in many different chemical forms some of which are not 
cyanide-soluble. The silver may be present mixed into the crystal structure as in galena, or be an 
essential part of the mineral itself as in pyargyrite. A few silver minerals are not sulphides such 
as silver chloride, known as cerargyrite (horn silver). Silver also occurs mixed with gold as 
tellurides. Native silver metal does occur in certain places, but unlike gold, it is fairly 
uncommon. 
The level of cyanide in the heap ranges from 100 to 600 ppm NaCN. The free cyanide 
concentration in the PLS averages 110 ppm, enough to ensure sufficient free cyanide for 
leaching in the lower parts of the heap, but this is not tightly controlled. Cyanide consumption, 
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via complexation, volatilization, natural oxidation or oxidation by ore components typically 
ranges from 0.1 to 1.0 kg per tonne of ore. The chemistry involved in the dissolution of gold in 
the heap-leach cyanidation treatment is the same as that for the agitation-cyanidation process. In 
heap leaching, the oxygen essential for the dissolution of gold is introduced into the cyanide 
solution as it is being sprinkled upon the ore heap. Oxygen and carbon dioxide absorbed from the 
air may also cause chemical losses of cyanide according to the following reactions 
(Srithammavut, 2008; Grosse et al., 2003; MacPhail et al., 1998): 
                                                               Eq. (3) 
                                                                   Eq. (4) 
The downstream SART process was developed into a technically feasible process by SGS 
Lakefield Research and Teck Corporation in 1997 (MacPhail <I>et al</I>., 1998), with full-scale 
commercial application at Newcrest’s Telfer Mine in W. Australia (Barter, 2001). This 
technology has made CN heap leaching of cupriferous Au ores viable, because both the Cu and 
the CN can be recovered. The process involves releasing the cyanide associated with the copper 
cyanide complex, allowing it to be recycled back to the leach process as free cyanide, with 
recovery of the copper as a valuable, high-grade Cu<SUB>2</SUB>S by-product (Estay <I>et 
al</I>., 2012, 2010). 
For Oxides 
Acid leaching is confined to acid-soluble, oxide-type ores that are not associated with acid-
consuming rock types containing high concentrations of calcite (such as limestone and 
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dolomite). Some ores require a form of concentration and/or pre-treatment, such as roasting or 
calcification before leaching, although this approach is not considered for heap leaching. Typical 
acidic leaching agents include hydrochloric acid (HCl), sulphuric acid 
(H<SUB>2</SUB>SO<SUB>4</SUB>), and iron sulphate (Fe<SUB>2 
</SUB>(SO<SUB>4</SUB>)<SUB>3</SUB>). Citric acid 
(C<SUB>6</SUB>H<SUB>8</SUB>O<SUB>7</SUB>) has also been studied as an 
alternative lixiviant for zinc oxide dissolution. Sulphuric acid is the most common lixiviant used 
for on the extraction of oxidized copper ores. 
The oxidised source of copper is well known for their amenability to sulphuric acid leaching. 
The most important copper oxide-containing minerals are azurite 
(Cu<SUB>3</SUB>(CO<SUB>3</SUB>)<SUB>2</SUB>(OH)<SUB>2</SUB>), malachite 
(Cu<SUB>2</SUB>(CO<SUB>3</SUB>)(OH)<SUB>2</SUB>), tenorite (CuO), cuprite 
(Cu<SUB>2</SUB>O), chrysocolla 
((Cu,Al)<SUB>2</SUB>H<SUB>2</SUB>Si<SUB>2</SUB>O<SUB>5</SUB>(OH)<SUB>
4</SUB>·n(H<SUB>2</SUB>O)) and brochantite 
(Cu<SUB>4</SUB>(SO<SUB>4</SUB>)(OH)<SUB>6</SUB>). Most of these dissolve easily 
in dilute sulphuric acid. The reactions are shown below: 
                                                                     Eq. (5) 
                                                                      Eq. (6) 
                                                                                                 Eq. (7) 
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                                                                                        Eq. (8) 
                                                                            Eq. (9) 
                                                                                Eq. (10) 
All the reactions above commonly show that copper is leached from the ore as copper sulphate. 
Besides copper, oxides of iron present in the ore are also leached. It is therefore necessary to 
exercise control over the amount and strength of the acid to be used for leaching to obtain 
maximum copper and minimum iron extraction. Use of too low an acid concentration is not 
desirable, as it can lead to precipitation of hydrous ferric oxides that can adversely influence 
copper extraction and solution percolation. The preponderance of gangue carbonate minerals 
(such as calcite) in some copper oxide ore deposits tends to result in a tremendous increase in 
acid consumption, thus a more selective reagent is needed for such deposits. As a consequence, 
ammonia has attracted a lot of research interests because it does not react with carbonates and 
rejects iron, which ultimately reduces the cost (Larba<I> et al</I>. 2013; Mena and Olson, 1985; 
Paul and Ferron, 1983). More detail about ammonia heap leach is given in section 5.4e. 
Oxidative leaching 
The oxidative heap leaching of copper sulphide ores is becoming increasingly important as oxide 
ores are becoming depleted. While the leaching of some secondary copper minerals such as 
chalcocite has been demonstrated and practiced for many years, the same is not true of minerals 
such as covellite and the primary sulphides, such as chalcopyrite, which are considerably less 
reactive. The main approach to the heap leaching treatment of such ores has been bio-leaching. It 
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is now generally accepted that mineral bioleaching is a combined chemical/microbial process in 
which ferric and protons form part of the reactants of the leaching reaction. The function of 
bacteria is mainly to enhance oxidative leaching by iron (III) ions by bio-catalysis of the re-
oxidation of iron (II) by oxygen (van Staden, 2007b). The important reactions in bioleaching of 
sulphide minerals are represented in Eq. (11 to 13). 
                                      Eq. (11) 
           
                           Eq. (12) 
                                              Eq. (13) 
The ferrous iron produced in Eq. (11) is re-oxidized back to ferric iron as shown in Eq. (12) by 
iron-oxidizing microorganisms, so that the leaching reaction in Eq. (11) can continue in a cyclic 
manner. The sulphur species are oxidized to sulphuric acid by sulphur oxidizing microbes. The 
role of the microorganisms in the solubilisation of metal sulphides is not only to provide 
sulphuric acid for proton attack, but also to keep the iron in the oxidized ferric state for an 
oxidative attack on the mineral. From the latter, it can be seen that the microbial ferrous-iron 
oxidation to ferric-iron is a critical sub-process in the bioleaching of sulphide minerals. 
In the bacterial leaching of sulphide minerals, ferric iron is the key oxidizing agent, and soluble 
iron species are the main determinants of redox potential. Active iron oxidizing bacteria, such as 
<I>Acidithiobacillus ferrooxidans</I> and <I>Leptospirillum ferrooxidans</I>, maintain high 
Fe<sup>3+</sup>/Fe<sup>2+</sup> ratios due to continued oxidation as part of their 
respiratory process. Various other oxidants have been explored as aids for copper sulphide 
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oxidation, such as H<SUB>2</SUB>O<SUB>2</SUB> (Li <I>et al</I>., 2010), sodium nitrate 
(Sokic <I>et al</I>., 2009), Cu<sup>2+</sup> (Nicol, 2010; Hiroyoshi <I>et al</I>., 2000), and 
Cr<sup>6+</sup> (Aydogan <I>et al</I>., 2006; Antonijevic and Bogdanovic, 2004) and direct 
supply of Fe<sup>3+</sup> (Kaplun <I>et al</I>., 2011; Li <I>et al</I>., 2010). Nitrogen 
species (nitrate and nitrite) are strong oxidizing agents and take on a “catalytic” oxidant role, as 
has been reported on the treatment of various sulphide ores (FeS<SUB>2</SUB>, PbS, ZnS, 
CuS, NiS) for a range of operating temperature, pressure and oxidant/acid amount. Minerals 
containing nitrogen species such as NO<SUB>3</SUB><sup>-</sup> can accelerate the 
kinetics and increase total metal extraction, mostly for copper, in heap process (Anderson, 2003). 
Arias (1998) introduced heap leaching of copper ore using sodium nitrate as an oxidizing 
chemical reactive in a sulphuric acid leaching solution. Ingesol Ltda is the assignees of this 
patent, but no commercial application has been reported in the literature. 
Special case CuFeS<SUB>2</SUB> 
Approximately 70 percent of the world’s copper reserves consist of low-grade chalcopyrite, 
where the grade is considered too low to concentrate and which cannot be economically 
processed in any way other than heap leaching (Córdoba <I>et al</I>., 2008). The success of 
heap leaching with oxides and secondary sulphides has opened up doors for many field trials for 
the processing of chalcopyrite for future commercial exploitation. Many copper producers have 
realized that some chalcopyrite is indeed being leached in dumps, and with this realization more 
substantive efforts have been made lately to understand how this occurs and how it can be 
enhanced. Currently there are no targeted chalcopyrite heap leaching operations at commercial 
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scale. It is well known that chalcopyrite resists leaching in sulphate media. Many investigators 
have concluded that a passivating layer forms on the surface of the mineral during leaching 
which hinders further copper dissolution (Hackl <I>et al</I>., 1995). A large number of sulphate 
based processes have been developed to overcome the slow rate of chalcopyrite leaching. A 
review of acidic sulphate, sulphate–chloride and sulphate–nitrate process options has been 
offered by Watling (2013). One key approach to the treatment of such ores has been bio-
leaching, which in the case of chalcopyrite is only viable under conditions of elevated 
temperature. The function of the bacteria is mainly to enhance oxidative leaching by ferric by 
catalysis of the re-oxidation of ferrous by oxygen. Table 3 shows some of the methods that have 
been patented in this respect. 
Heap bioleaching of chalcopyrite is still in its infancy (Zeng <I>et al</I>., 2011; Wu <I>et 
al</I>., 2007) with the preliminary results of some pilot tests in Chile (Dew <I>et al</I>., 2011), 
Iran (Gericke<I> et al</I>., 2009) and in Inner Mongolia, China (Asian Miner News, 2008) 
having been presented only recently. Chalcopyrite bioleaching requires elevated temperatures to 
be successful. The challenges are how to engineer bioleach dumps and heaps to achieve and 
sustain higher temperatures. It is also a challenge to maintain and control different microbial 
populations within these massive bioreactors to ensure effective leaching of pyrite, generation of 
heat and leaching of chalcopyrite. A final challenge is the distribution of the oxygen required for 
these reactions throughout the heaps. The bioleaching of chalcopyrite in situ and in dumps is a 
practical option only because the low and slow recoveries are offset by the low processing costs 
(Schnell, 1998). 
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An alternative approach to chalcopyrite leaching involves the use of chloride ions in an acidic 
sulphate system at ambient temperatures. The leaching of chalcopyrite in chloride media has 
been reviewed and advanced by Dutrizac (1992). Early processes were focused on the leaching 
of concentrates under aggressive conditions, for example the CLEAR process and the INTEC 
process (Lunt <I>et al</I>., 1997). Kinnunen and Puhakka (2004) reported that the presence of 
0.25 g /L of Cl<sup>−</sup> enhanced copper yield of bioleaching at temperatures between 67 
and 90°C but decreased copper yield at 50°C. Li <I>et al</I>. (2000) focused their 
electrochemical studies on the leaching of chalcopyrite in mixed sulphate-chloride media and 
found that the presence of chloride enhanced chalcopyrite oxidation. 
Nicol and co-workers (Miki and Nicol, 2011; Nicol et al., 2010; Velásquez-Yévenes et al., 
2010a, 2010b) conducted a wide-ranging study of the dissolution of chalcopyrite in chloride 
solutions containing cupric ions and dissolved oxygen. Initially, it was shown that the rate of 
chalcopyrite dissolution was enhanced when leaching was conducted at the range of 550-620 mV 
SHE at 35 °C in a solution containing: 0.2 M HCl, 0.008 M Cu<sup>2+</sup> (simulating 
raffinate) and 5-15 mg L<sup>−1</sup> dissolved O<SUB>2</SUB> (Velásquez-Yévenes et 
al., 2010a). Leaching at potential <540 mV caused reduced rates of chalcopyrite dissolution and 
covellite or chalcocite formed on some chalcopyrite surfaces. 
Although initial test work on concentrates and milled ores showed that chalcopyrite could be 
successfully leached under appropriate conditions using dilute chloride solutions at ambient 
temperatures, column tests on ores containing primarily chalcopyrite have demonstrated that the 
rates of leaching at temperatures below about 25°C are generally too low for economic recovery 
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of copper by this method in dynamic heaps (Nicol <I>et al</I>., 2011). Operation at locations 
with higher temperatures or the development of methods to economically heat the solutions to 
above 25 <sup>o</sup>C may be a prerequisite for successful implementation of chloride 
leaching of ores containing primary copper sulphide minerals (Nicol <I>et al</I>., 2011; Basson 
<I>et al</I>., 2010). Further details of the chalcopyrite leaching in chloride have been discussed 
in the recent review by Watling (2014). Chloride heap leaching based on the research by Nicol 
and co-workers was patented by Muller (2006), describing a heap leaching method used to 
recover copper from a primary copper sulphide mineral wherein an acidic chloride/sulphate 
solution in the presence of oxygen causes dissolution of the copper sulphide, if the surface 
potential of the mineral is kept below 600 mV (vs. SHE). 
Manabe (2008) patented a method of leaching copper sulphide ore using iodine. The objective of 
this invention was to provide a method of efficiently leaching copper from a copper sulphide ore 
containing chalcopyrite or enargite as a main constituent under a range of conditions for actual 
operation. This study indicated that the copper leaching rate from a copper sulphide ore 
containing chalcopyrite or enargite can be significantly improved using a sulphuric acid solution 
containing iodide ions and ferric (III) ions in an excessive amount relative to the iodide ions. 
Although a significant number of potential routes for chalcopyrite dissolution have been 
identified and in some case implemented at commercial scale, the fundamental mechanisms and 
kinetics of the leaching of chalcopyrite remain poorly understood, however. In their recent 
review, Kawashima <I>et al</I>. (2013) concluded that whilst much has been observed at the 
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macro-scale regarding the chalcopyrite leach process it is clear that interpretation of these 
phenomena is hampered by lack of understanding at the molecular or atomic scale. 
Reaction Kinetics 
The major factors affecting the dissolution rate of metals of interest at the mineral-solution 
interface are lixiviant concentration, temperature, pH, dissolved oxygen, presence of other metals 
and ions in solution. Leach kinetics (i.e. mineral grain dissolution rate) are controlled by a 
combination of these physico-chemical factors and mineral composition of the ore 
(oxide/sulphide) and the location of mineral grains within ore particles. Leach recovery rates 
generally increase under higher lixiviant concentrations, temperature and dissolved oxygen and 
higher pH (>9) for cyanide leach and lower pH (<2) for acid leach conditions. 
Reagent concentration 
The leach rate has been found to increase with increasing concentration of sulphuric acid 
(Aydogan <I>et al</I>., 2006; Dreisinger and Abed, 2002). Low pH values can minimise 
hydrolysis and precipitation of Fe<sup>3+</sup>, and the effect becomes more obvious when 
the acid is very concentrated at 3-5 M (Antonijevic and Bogdanovic, 2004). Ferric ion 
concentration in the medium plays an important role in the bioleaching process of sulphide ores 
(Rodríguez et al., 2003). Vilcáez et al. (2009) reported that additional ferric ions only enhance 
the initial leaching rates but not the final leaching yields. Studies found in literature concluded 
that Fe<sup>3+</sup> concentration above 0.01M does not affect chalcopyrite bioleaching 
kinetics (Konishi et al., 2001; Hirato et al., 1987, Dutrizac, 1981). Fe addition can cause 
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precipitation and heap clogging problems, and also a high concentration of Fe in the PLS will 
affect the extraction process and needs to be removed before SX. 
Gold dissolution, on the other hand, is usually fast and governed by diffusion of the dissolved 
species. It increases with increasing cyanide concentration at low levels. Maximum cyanide 
concentration is 0.075% KCN or 0.06% NaCN, equivalent to 600 ppm, and beyond this 
maximum excess cyanide has no effect (Srithammavut, 2008). 
Temperature 
Chemical reactions proceed more rapidly at higher temperatures. Although the rate of 
decomposition is sufficiently fast at 40 or 50°C for some minerals, in case of others (e.g. 
chalcopyrite) temperatures of 70 °C are required for the process to be rapid enough to be 
economically viable. An increase in temperature can also improve the yield of copper because 
the quantity of sulphur and other oxidation products that coat the mineral surface (passivation) is 
reduced (Rawlings, <I>et al</I>., 2003; Brierley and Briggs, 2002). In bioleaching, different 
types of organisms dominate mineral degradation processes as the temperature changes (see 
section 3.5). A comprehensive monitoring program at an industrial bioleaching heap at the 
Escondida mine in Chile since 2006 indicated that an increase in heap temperature causes 
variation in microbial community from predominantly mesophilic to thermo-tolerant and 
moderately thermophilic species (Acosta <I>et al</I>., 2014). 
Many Nevada gold heap leach operations report a significant recovery decrease in winter, with a 
rapid increase the following summer. Laboratory column tests show that recovery rate drops 
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significantly when the temperature drops below 5 <sup>o</sup>C. Also, solution viscosity 
increases significantly as temperature drops. This affects both the heap and the process plant. 
Thus, cold heaps tie up more process solution (and more gold inventory) than warm heaps 
(Mellado <I>et al</I>., 2011; van Zyl and Bronson, 1994). 
pH 
Low pH levels in combination with high temperatures increase the leaching rate of chalcopyrite 
(Srithammavut, 2008). In bio-leaching, maintaining the pH in the preferred range between 1 and 
2 is also important for ferric ion and acid regeneration by the microbial population. Thus, the 
capability to accurately predict leaching solution pH and acid consumption during copper ore 
leaching is important for the evaluation of leaching performance and cost. Deveci (2008) has 
shown that pH has a significant effect on the dissolution process, controlling the oxidative 
activity of microorganisms. The bioleaching performance of mesophiles tends to deteriorate with 
increasing acidity from pH 2.0 to 1.2. For thermophiles Vilcáez <I>et al</I>. (2009) showed that 
at pH values above 1.5, large amounts of Fe<sup>3+</sup> generated results in the formation of 
jarosite, which decreases the catalytic effect of thermophiles. Increased acid concentrations in 
industrial raffinate solutions of the heap bioleaching process at Minera Escondida Ltd. (MEL)-
Antofagasta, Chile, produced changes in the distribution and activity of the microbial population 
present in the process (Zepeda <I>et al</I>., 2013). 
In cyanide heaps cyanide consumption is high below a pH of 9.5. Above a pH of 11, metal 
recovery decreases. A degree of pH level adjustment is achieved through the addition of lime 
during agglomeration prior to heap stacking, but this does not amount to pH control. Increasing 
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pH level reduces gold dissolution rate because adsorption of OH<sup>-</sup> ion onto the gold 
surface decreases the surface available for cyanide leaching (Habashi, 2005b). 
pO<SUB>2</SUB> 
Since oxygen is the key reagent in any oxidative heap leach process, none of the chemical 
reactions taking place in the heap can proceed at a rate faster than the rate of oxygen mass 
transfer from the gas phase to the liquid phase (Lizama, 2009). Oxygen is often a limiting 
reagent in heap bioleaching processes of sulphide minerals and therefore aeration helps to 
increase leaching rates. It also could be a way to control the temperature in the heap as the 
leaching reactions are mostly exothermic (Petersen and Dixon, 2002b; Dixon, 2000). 
Bioleaching microorganisms require oxygen, which accepts the electrons in the redox reactions 
catalysed by the microorganisms (Brierley and Briggs, 2002; Acevedo and Gentina, 1993). 
Copper leaching is directly related to oxygen consumption in the heap and oxygen consumption, 
in turn, is related to microbial activity and the rate of forced aeration (Lizama <I>et al</I>., 
2005). 
It has been proven that the rate of dissolution of gold in cyanide solution is directly proportional 
to the amount of dissolved oxygen present (Bouffard and West Sells, 2009; La Brooy <I>et 
al</I>. 1994). Gaseous oxygen is also required in cyanide heap leaching, but the demand is 
minimal and often fully satisfied by the initial gas holdup entrained upon ore stacking. Dissolved 
oxygen concentration has no significant effect on cyanide consumption, but faster leaching 
kinetics has been observed by using higher dissolved oxygen concentrations (Srithammavut, 
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2008). Any side reactions in which the cyanide solution is deprived of its oxygen content will 
cause a decrease in the rate of gold leaching (Habashi, 2005b). 
The solubility of oxygen in aqueous solution has been well studied, and thermodynamic 
correlations are available in the literature (for example Tromans, 2000). The study by 
Petersen<I> </I>(2010) through both experimental and theoretical evaluation shows that gas-
liquid mass transfer of oxygen in heap leach scenarios is remarkably constant between different 
systems and is not a significant function of temperature in the range 22-68 °C. This may be 
surprising, given the rapidly declining solubility of oxygen with increased temperature in this 
range, but the study has shown that this is offset by an increased mass transfer coefficient. The 
results indicate that heap bio-leaching as a process is determined by the rate of gas-liquid mass 
transfer of oxygen into solution in all the cases studied, which cover different materials, 
temperatures and microbial consortia. While operating heaps at low temperatures may be limited 
even more by slow mineral leaching kinetics, thermophilic heap bio-leaching certainly cannot 
progress any faster than the rate of oxygen gas-liquid mass transfer allows, even though it may 
be the preferred route for chalcopyrite leaching (Basson <I>et al</I>., 2006). Operating heaps at 
high altitude and in highly saline solutions further limit the rate of oxygen mass transfer and 
hence the overall rate of metal recovery (Mellado <I>et al</I>., 2011; Rossana and Brantes, 
2010; Petersen, 2010). If oxygen is sufficiently present at all the points of the heap, an increase 
in aeration rate does not increase the leaching rate (Pradhan <I>et al</I>., 2008). This is due to 
the fact that mass transfer into the liquid phase is driven primarily by oxygen partial pressure in 
the air, which wouldn’t change at increased flow rates. The oxygen requirements for the heap 
reactions are relatively low if the reacted sulphide produces elemental sulphur. If the elemental 
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sulphur is oxidized to acid then the oxygen requirements increase significantly by a factor of 
four. 
Foreign ions and ionic strength 
High concentrations of metals or metalloids can contribute to the slowing or inhibition of 
microbial Fe oxidation (Brierley and Briggs, 2002). Inhibitory concentrations of dissolved 
metals, such as arsenic, copper, mercury, nickel, uranium, etc., on microbial growth and ferrous 
oxidation have been reported by many authors (Cabrera <I>et al</I>., 2005; Wang <I>et al</I>., 
2004; Nies, 1999; Garcia and Silva, 1991). A heap operation also requires control of the ionic 
strength of the leach solution to sustain bacterial activity. Microorganisms are relatively 
intolerant to the chloride ion, which disrupts the cell membrane and allows uncontrolled 
transport of NO<SUB>3</SUB><sup>+</sup> into the cell, which slows down the rate of 
Fe<sup>2+</sup> oxidation (Brierley and Briggs, 2002). In bioleaching the presence of chloride 
is detrimental to microbial growth, but the degree of inhibition varies between strains. It is also 
of interest that while the catalytic effect of Ag<sup>+</sup> in chalcopyrite bioleaching is well 
established (Wang <I>et al</I>., 2004; Ahonen and Tuovinen, 1990; Miller et al., 1979, 1981; 
Price and Warren, 1986) this ion is also highly inhibitory at concentration greater than 1μM 
(Garcia and Silva, 1991). In heap bioleaching the dissolution of gangue minerals from igneous 
ore materials can lead to the build-up of considerable concentrations of Mg and Al sulphates in 
the recycled leach solution. This may interfere with microbial ferrous iron oxidation, which 
drives the oxidation of the target minerals (Ojumu <I>et al</I>., 2007, 2008a). It has also been 
reported that aluminium concentrations exceeding 10g/L adversely affected the growth of an 
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unspecified ferrous iron oxidizer (Blight and Ralph, 2004). The concentration of ions in solution 
has an effect on the ionic strength of the solution and hence on solution thermodynamics. High 
overall ionic strength will depress the activity of individual ions (Argun et al., 2007). By the 
same token the presence of high ionic strength also depresses the solubility of oxygen in solution 
(Tromans, 2000; Petersen, 2010). 
In gold leaching, the presence of base metal ions such as Fe<sup>2+</sup>, Fe<sup>3+</sup>, 
Cu<sup>2+</sup> and Zn<sup>2+ </sup>in the cyanide leach solution will retard the 
cyanidation of gold (Shiers <I>et al</I>., 2005; Kinnunen and Puhakka, 2004). Since the 
sulphide minerals are to some extent soluble in cyanide solutions, there will always be some 
sulphur species present in the leaching solution. It is generally believed that the presence of such 
species results in high consumption of cyanide and oxygen. Sulphide reacts with cyanide, 
resulting in the formation of thiocyanate. However, some results of kinetic studies suggest that 
sulphur species also directly affect the gold leaching reaction by forming a passive layer of 
Au<SUB>2</SUB>S on the gold surface (Jeffrey and Ritchie, 2001; Lorenzen and van 
Deventer, 1992). An exception is galena which shows increased gold dissolution under 
atmospheric condition (Jeffrey and Ritchie, 2001). Copper minerals can dissolve and form a 
variety of copper cyanide complexes such as CuCN, Cu(CN)<sup>2-</sup>, 
Cu(CN)<SUB>3</SUB><sup>2-</sup> and Cu(CN)<SUB>4</SUB><sup>3-</sup> depending 
on pH. Copper dissolution has a detrimental effect on gold dissolution since it consumes cyanide 
and oxygen. Addition of lead solution, for instance lead nitrate, 
Pb(NO<SUB>3</SUB>)<sup>2</sup>, can enhance gold leaching kinetics. It is observed that 
lead nitrate prevents the formation of a passivation film on gold surface and activates the surface 
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of a passivated gold particle. Downstream processing can be challenging and costly with 
complex mixtures of soluble metals. Copper concentrations of around 100 ppm have been known 
to have a detrimental effect on the carbon adsorption of gold from cyanide leachate, and, as 
discussed earlier, the SART process has made CN heap leaching of cupriferous Au ores more 
viable (Marsden and House, 2006). Thiosulphate is a more effective lixiviant of high-copper ores 
than cyanide because ammoniacal thiosulphate leaching is less sensitive to contamination by 
unwanted cations. 
Gangue chemistry 
Ore and gangue mineralogy is fundamental to the metallurgical behaviour, and therefore to the 
technical and economic amenability of an ore to exploitation. Minor changes in gangue 
mineralogy can have a significant impact on the requirements for acid curing and agglomeration 
prior to heap leaching, and on the acid consumption, metal extraction, and PLS chemistry during 
leaching. 
Reagent consumption by gangue minerals 
Acid consumption is considered as the main controlling economic factor in the heap leaching of 
oxide ores (Rich, 2008). Acid consumption during copper leaching is a function of acid 
consuming minerals in the ore and their leaching properties as well as their association with the 
host rock (Plumb <I>et al</I>., 2007). In all ore leaching processes the gangue (undesired) 
minerals also consume lixiviants along with the metals of interest; copper, zinc, iron in gold ore 
leaching; iron, aluminium, magnesium, manganese, calcium and potassium in copper and nickel 
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ore leaching, to name a few. Certain gangue minerals like calcite (CaCO<SUB>3</SUB>) are 
very reactive to acid and will dissolve completely in contact with even very dilute sulphuric acid 
solutions. Ores that contain a significant proportion of such minerals will be clearly unsuitable 
for acidic heap leaching. However, more commonly silicate minerals constitute the most 
significant acid consuming component of the ore. The silicate minerals react incompletely with 
sulphuric acid, and with several of them the extent of acid-gangue reaction is a function of the 
acid strength. The moderate reactivity to acid of these gangue minerals limits their acid 
consumption sufficiently such that acid heap leaching of the ore can be economically viable with 
a relatively low valuable metal grade. It therefore leaves a degree of control over the acid 
consumption and permits an economic optimum to be sought between acid costs and leach 
kinetics, by varying the acid curing parameters and the acidity of the irrigation liquor in a matrix 
of metallurgical tests. It has been postulated that gangue acid leaching can over time help liberate 
valuable mineral (Free, 2010; Free and Jurovitzki, 2010; Baum, 1999, 1996; Horlick <I>et 
al</I>., 1981). 
Temperature is another importan  parameter to consider in gangue reactions, which is becoming 
very relevant in efforts to do high temperature heap leaching. It should be ensured that the 
extraction benefit realised by the increased heap temperature is not offset by the concomitant 
increase in gangue acid consumption (Free and Jurovitzki, 2010; Horlick <I>et al</I>., 1981). 
The gangue minerals consume cyanide and oxygen in solution or they re-adsorb gold from 
solution. In uranium leach processes employing sulphuric acid as the lixiviant, only a relatively 
small quantity of acid is actually used in extracting uranium from the host ore. The remainder of 
the acid is consumed by the gangue constituent elements. Many new uranium projects that are 
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being considered in recent times have potential gangue acid consumption in excess of 95%. In 
contrast, alkaline leach processes do not experience the same high reagent consumption rates as 
acid processes. The solubility of many of the impurity elements in uranium ores (such as Fe, Mg, 
and Al) in the alkaline leach is quite low (Adams, 2005; Mular <I>et al</I>., 2005). 
Ammonia leach processes, which operate in an alkali regime, allow selective extraction of base 
metal sulphides from an ore by forming stable metal-ammine complexes, whilst being inert to 
iron and acid consuming gangue. Hence ammoniacal leaching of base metals is potentially an 
attractive route as an alternative to acid bioleaching (Muzawazi and Petersen, 2015). 
Secondary precipitation 
In addition to lixiviant consumption, re-precipitation of products of some of these gangue 
minerals have potentially negative effects on leach permeability by plugging up of the pores in 
the heaps. The extent of ferric iron hydrolysis is dependent on the pH; in general, ferric iron has 
an extremely low solubility at a pH of >2.5. High concentrations of Fe<sup>3+</sup> in 
solution, due to a lack of demand as oxidant, may precipitate as ferric hydroxide or as Fe(III)-
hydroxysulphates such as jarosite 
(KFe<SUB>3</SUB>(SO<SUB>4</SUB>)<SUB>2</SUB>(OH)<SUB>6</SUB>) or 
schwertmannite 
(Fe<SUB>16</SUB>O<SUB>28</SUB>(SO<SUB>4</SUB>)4H<SUB>16</SUB>). Jarosite 
precipitation is an important phenomenon that is observed in many bacterial bioleach systems. 
During bioleaching, monovalent cations (e.g., K<sup>+</sup> and Na<sup>+</sup>) released 
from the alteration of silicate phases (e.g. mica as a potassium aluminium silicate) present in the 
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ore may promote the precipitation of ferric iron mainly as K-jarosite, which is controlled by pH 
(Ahonen and Tuovinen, 1995). The limited extraction of metals has often been attributed to the 
formation of these secondary phases during bioleaching (Harmer <I>et al</I>., 2006; Ahonen 
and Tuovinen, 1995). Jarosite causes an obstruction to mineral-microbe contact by forming a 
mass transfer barrier to nutrients, oxygen, and carbon dioxide. Precipitation of iron hydroxide 
and jarosite phases in the leaching system may suppress the metal solubilisation by preventing 
contact between the leaching agent and the mineral. The solubility of iron species is defined by 
their concentration in solution and pH. Thus, the optimization of these parameters may greatly 
improve metal recovery. Eneroth and Koch (2004) reported that ammonium jarosite was 
predominant at pH 1.6 in ferrous-iron oxidation by <I>At. Ferrooxidans,</I> and at pH 3.2 
schwertmannite was observed. The study by Kupka <I>et al</I>. (2007) has shown that 
schwertmannite is dominant at low temperature oxidation of ferrous-iron by <I>At. 
Ferrooxidans</I>. Ferric-iron precipitate has been reported to hinder oxidation by forming a 
diffusion barrier (Nemati <I>et al</I>., 1998) and reducing free ferric-iron available for 
leaching. 
Bioleaching 
In general, the types of micro-organisms found in heap leaching processes are similar to those 
found in stirred tank processes. The most important micro-organisms in bioleach processes that 
operate from ambient temperatures to about 40°C are considered to be a consortium of iron- and 
sulphur-oxidizing <I>Acidithiobacillus ferrooxidans</I>, the sulphur- oxidizing 
<I>Acidithiobacillus thiooxidans</I> and <I>Acidithiobacillus caldus</I>, and the iron-
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oxidizing <I>Leptospirillum ferrooxidans </I>and <I>Leptospirillum ferriphilum</I> (Rawlings 
and Johnson, 2007; Rawlings, 2005; Franzmann <I>et al</I>., 2005; Rawlings, 2004). At 
moderately thermophilic conditions<I> At. caldus</I>, <I>L. ferriphilum, Sulphobacillus</I>-
like bacteria, and<I> Ferroplasma</I>-like archaea seem to dominate (Okibe et al.,<I> 
</I>2003), while species of <I>Acidimicrobium</I> may also occur in<I> </I>systems 
operating at temperatures around 50°C (Rawlings,<I> </I>2005). Thermophilic consortia are 
typically dominated by<I> </I>archaea, with species of <I>Sulpholobus, Acidianus</I>, and<I> 
Metallosphaera</I> being most prominent (Rawlings and Johnson, 2007). 
Clarification of the role of microorganisms and their interaction with different minerals in ore 
sample has been investigated lately using new techniques and devices. These studies have 
resulted in a number of novel technical and methodological patents on the application of 
microorganism in heap leaching (Kuwazawa, 2009; Kohr, 2004; de Kock and du Plessis, 2004; 
Crundwell, 2002; Hunter, 2001; Hunter and Williams, 1999; Hunter, 1999; King, 1998; Batty, 
1997; Johansson <I>et al</I>., 1994; Brierley and Hill, 1991). Other aspects receiving attention 
include the mechanism of microbial attachment to mineral surfaces, the effect of process 
parameters such as irrigation rates on microbial colonization, the isolation and identification of 
salt-tolerant mineral-oxidizing acidophiles and the effect of the build-up of elements such as 
sulphates, aluminium and magnesium (as discussed in Section 3.3.5), which could inhibit 
microbial performance. Several strategies for the inoculation of heaps have been described, and 
the overall conclusion is that there would likely be a considerable time saving in inoculating new 
heaps with a microbial consortium (or consortia) at the appropriate points in time, rather than 
waiting for microorganisms to grow naturally (Gericke, 2011). The development of relatively 
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rapid, robust methods for the identification and quantification of microbial strains, both attached 
and planktonic, in bioreactor samples have greatly assisted in clarifying the role of micro-
organisms in mineral bioprocesses (e.g., Govender <I>et al</I>., 2013; Johannes <I>et al</I>., 
2006; Sand and Gehrke, 2006; Johnson and Hallberg, 2005; Crundwell, 2003). 
Heap Technology 
Ore preparation 
The metallurgy of the ore dictates the method by which the ore should be prepared prior to 
leaching. Ore preparation can range from none (for ROM ore) to crushing, crushing and 
agglomeration, or agglomeration only [for fine-grained ore or tailings). The major purposes of 
ore preparation for heap leaching are to produce an ore fine enough to allow sufficient liberation 
of valuable minerals and to have an ore permeable and stable enough to allow an adequate 
leaching rate throughout the heap. The amount of effort and expense incurred in ore preparation 
is directly related to the economics of the metal recovery. 
Comminution 
Ore crushing is generally done in multiple steps; in primary crushing (i.e. jaw crushers) the 
particle size is reduced down to 10 to 15 cm, and in secondary/tertiary crushing it is reduced to 
the optimum size while also producing as many micro-cracks in the ore particle as possible for 
improved solution penetration. Generally, cone crushers are used for secondary crushing. If the 
ore is very porous, little or no crushing may be necessary because of the advanced degree of 
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natural liberation of the target metal. Such ROM ore material can be placed directly on the leach 
pad after minimal breakage following normal production related blasting or even simple 
shovelling with mining equipment. High surface exposure of the valuable mineral is desirable in 
metal extraction processes because the extraction rate is directly proportional to the exposed 
surface area. However the cost of grinding to achieve the finer particle size has to be considered 
in designing the process to extract the mineral effectively (Ogbonna <I>et al</I>., 2006). The 
economics of heap leaching were found to be strongly governed by the trade-off between the 
slow rate and limited extent of leaching from large particles and the cost of crushing finer 
(Schnell, 2013). It is known that leaching from large particles occurs only at the surface and in 
subsurface regions, which are accessible from the surface by cracks and pores (Ghorbani <I>et 
al</I>., 2013a; Liddell, 2005). The presence of micro-cracks plays a key role in the diffusion of 
reagents throughout particles during leaching and is significant for the further analysis of the 
effect of comminution method on downstream ore processing. Over the last decade the use of 
High Pressure Grinding Rolls (HPGR) has gained significant importance and popularity, since 
they offer some metallurgical benefits (Baum and Ausburn, 2011). Van der Meer (2011) found 
that micro-cracking, resulting from the high-pressure inter-particle comminution process was 
responsible for generating lixiviant pathways and therefore improving leach extraction recovery. 
McNab (2006) reported 10-11% increase in gold leaching due to the HPGR micro-fracturing 
effect. HPGR may also reduce the need for binder in agglomeration because the compression 
forms flakes of aggregated ore that are fairly stable when exposed to a trickling cyanide solution 
(Baum and Ausburn, 2011; Chamberlin, 1989). In 2009, the first commercial HPGR for a heap 
leach operation in gold (Goldfields-Tarkwa Mine, Ghana) has been commissioned. This 
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installation is considered as the first full-scale industrial test in order to prove the general 
suitability of HPGRs for heap leaching. Positive results (the authors could not find any published 
results regarding the success of this industrial practice) from this operation could also influence 
the SX-EW heap leach operations in the copper industry (Burchardt <I>et al</I>, 2010).<I> 
</I>While HPGR may lead to improved heap leaching for hard ores, operators may face 
problems with soft and sticky ores (Dhawan <I>et al</I>, 2013). Ghorbani <I>et al</I>. (2013b) 
reported that the residues from leach experiments with material prepared using the HPGR 
product contained more fine particles than those after leaching a cone crusher product. If 
excessive amounts of fines are generated during the leaching process, permeability is reduced as 
the leaching process progresses, which can have a negative effect on percolation, especially over 
long periods of heap leaching operation. It would also prevent a uniform flow of the solution 
through the heaps. 
In addition to comminution by HPGR, since the late 1980s microwave heating of ores has been 
proposed as a means of, firstly, reducing the net comminution energy, and secondly, enhancing 
the liberation of value mineral phases (Kingman and Rowson, 1998). Selective heating of 
distributed mineral phases has the potential to induce controlled fracture within the rock (Haque, 
1999). If the fracturing takes place along the grain boundaries of value mineral phases, these 
phases could be effectively liberated, allowing increased accessibility of lixiviant solutions into 
the ore particle (Jones <I>et al</I>., 2005; Kingman <I>et al</I>., 2004; Batterham, 2002). 
Usually, microwave energy is costly, mainly due to the low conversion efficiency from electrical 
energy (50% for 2450 MHz and 85% for 915 MHz, although this efficiency is still higher than 
that of conventional heating). Studies showed that the process of thermal treatment was 
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uneconomical when compared to the use of conventional grinding alone (Prasher, 1987), due to 
the large energy requirements associated with heating the bulk ore to the required temperatures. 
The cost of heat treatment and subsequent grinding could be as high as 6 times that of 
conventional grinding alone (Scheding <I>et al.,</I> 1981). The key limitation is that the 
mineral processing industries treat large tonnages of ore per day (several thousand to over 30,000 
tonnes). Currently, the highest microwave power generator available is 75 kW at 915 MHz. 
To treat such a large tonnage of ore or concentrate a number of generators would have to be 
operated in parallel, which may not offer a cost advantage over the conventional process. In fact 
the ratio of cost of heat input to additional metal value gained makes thermal treatment 
uneconomical. However, for high value product recovery or low tonnage treatment microwave 
energy can offer a cost advantage over the conventional process (Koleini et al., 2012). Since 
heap leaching is usually defined as a low-cost process for extraction of minerals from large 
volumes of low-grade ore materials, application of microwave technology remains questionable, 
mostly from an economical point of view. 
Agglomeration 
Non-uniform percolation of solution throughout the heap caused by the presence of fines is a 
common problem, which occurs to some extent with all heap-leachable ores. The solution 
chooses the path of least resistance, commonly called channelling. If enough fine material has 
built up, there is a chance the solution may not be able to flow downwards at all; this is referred 
to as blinding. These particles clog the spaces between the larger ore particles and result in an 
uneven distribution of the leaching solution. This leads to poor interaction between the ore and 
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leach solution, producing inadequate metal recoveries, or the need to extend the leach time 
(Sheikhzadeh and Mehrabian, 2007; Readett <I>et al</I>., 2006; Lipiec and Bautista, 1998). The 
conventional solution to this problem is agglomeration. The effect of agglomeration is to 
immobilise the fines by causing them to adhere either to each other or to larger ore particles and 
greatly reduces the segregation during stacking and consequently percolation problems 
(Lewandowski <I>et al</I>., 2010; Lewandowski and Kawatra, 2009; Lu <I>et al</I>., 2007; 
Velarde, 2005; Bouffard, 2005). Investigations of agglomeration agents and methods have 
resulted in a number of patents such as agglomerating agents for clay containing ores (Polizzotti, 
1989), a systematic method for heap leaching agglomeration considering optimum reagent 
concentration and curing time (Miller, 2010; Miller <I>et al</I>., 2009; Adam and Scott, 2009; 
Michael, 2006). 
Additional additives (binders) are needed to prevent agglomerates from breaking up as leaching 
solution percolates through the heap. A whole suite of different materials have been proposed as 
binders (Lewandowski <I>et al</I>., 2006; Underwood, 1998; Polizzotti, 1994, 1989; Oliphant 
and Walker, 1989). It is desirable that a particular binder does not affect the leach chemistry 
during irrigation and the subsequent processes for metal recovery. This is in turn strongly linked 
to the leaching chemistry, with, for example, cementitious binders not suitable for acid heap 
leaching, but common in gold heap leaching. Garcia and Jorgensen (1997) recommended 
agglomeration of ore with binder if the ore contains more than 10-15% of fines (-74µm). Lime, 
molasses and wood fibres have been tried, but the agglomerates resulting from using these 
binders disintegrated completely within a couple of hours of immersion in water (Bouffard, 
2008). Amaratunga (1995) used β-hemihydrate of gypsum as a binder with pyrrhotite tailings and 
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reported agglomerates of poor strength. Cement provides the best strength because of the 
formation of calcium silicates hydrates, during curing. However, cement-based agglomerates 
when allowed to dry immediately after agglomeration disintegrated partially or completely when 
less than 50kg/t of cement were added. Type II Portland cement and lime are two well-known 
binders used in gold and silver leaching, but these are strictly limited to use in alkaline leaching 
environments (Underwood, 1998). Very few binders have been tested for the copper industry, 
possibly because of the binder cost, large consumption and curing issues, and a limited selection 
of acid tolerant and microbial resistant binders (Lewandowski <I>et al</I>., 2006; Bouffard, 
2005). It is known that adding cement or lime to sulphide ores results in precipitation of gypsum 
and jarosite (Bouffard, 2005). A binder in copper heap leaching should withstand the very acidic 
environment and should not interfere with maintenance of a high bacterial population survival 
(Lewandowski <I>et al</I>., 2010). Polymeric combinations as copper heap leaching 
agglomeration aids have been patented by Kerr (1997) and Bonin and Gross (1988). The 
performance of polymers products varies, depending on the composition of the feed material that 
is being used and the product qualities desired (Pietsch, 2005). 
Heap design 
Numerous innovations and patents have been recorded in the area of heap design and 
construction from different technical, economical, and environmental points of view (Schnell, 
2013; Caceres, 2013; Caro and Ekenes, 2012; Lang, 2009; Hunter and Williams, 2005; 
Breitenbach, 2004; Ulrich <I>et al</I>., 2003; Miller, 2003a; Thiela and Smith, 2003; Crundwell 
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and Norton, 2002; Kappes, 2002; Strachan and van Zyl, 1987; Lesty and Surjous, 1984). These 
are described and discussed in the following subsections. 
Pad preparation, liners and drainage systems 
Heap liner design has evolved into a well-developed science with due consideration given to the 
interaction between the various components such as the foundation, under-liner, geo-membrane, 
over-liner, as well as collection and air injection piping. The most preferred pad liner system in 
current heap leach practice is the composite liner with an overlying drain cover fill 
(Breitenbach<I> et al</I>., 2013; Lupo, 2010: Breitenbach and Smith, 2006). In general, liner 
systems for leach pads may consist of a single composite or double composite liner with a 
leakage collection layer (Figure 3). Single composite liner systems generally consist of a geo-
membrane liner placed over a compacted bedding soil liner. This type of configuration is 
commonly used in areas that experience low hydraulic head (typically less than 1 m). A double 
composite liner system consists of two geo-membrane liners separated by a leak 
collection/drainage layer. A double composite liner system is normally only used where high 
hydraulic heads (several meters) may occur, such as in valley leach facilities. 
Testing has indicated that both, high-density polyethylene (HDPE) and linear low-density 
polyethylene (LLDPE) geo-membranes, are suitable for containment of acidic solutions and 
metal leaching products, for periods of over 50 years (Lupo, 2010; Breitenbach and Smith, 2007; 
Renken <I>et al.,</I> 2005). The geo-membrane lined heap leach pads for the 21st century have 
an estimated operating life times of 10 years or more, compared to the more typical periods of 3 
to 5 years reported in the past for gold and silver heap leach operations. It is worthwhile to note 
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that spent heaps present a long-term footprint and even if liners are stable for active operation, 
there may still be long-term leakage if no proper closure procedure is in place. Application of the 
modern and multi-layered co-extruded geo-membranes, have been introduced through various 
patents (Maziers <I>et al</I>., 2004; Bray <I>et al</I>., 2004; Nicholas and Rhee, 1996; Gary, 
1991). The heap leach pad cannot be ‘fixed’ or ‘upgraded’ after construction. What is initially 
designed and built must be lived with for the life of the mine. 
If economically feasible, the drain material should be designed to act as a filter for the ore and 
should be resistant to chemical breakdown. If placing a complete drainage blanket is not feasible, 
the area around the collection pipes should be protected. Selected gravel materials and/or 
geotextiles have worked at several sites. Acid resistant materials should be used for all parts of 
the pipe network, including couplers, ties and fasteners. Manufactured couplers are the best, as it 
has been reported that pipes have become pulled apart beneath heaps where inappropriate 
couplings had been used (Lupo, 2010; Breitenbach and Smith, 2007; Renken <I>et al</I>., 2005; 
Maziers <I>et al</I>., 2004; Ulrich <I>et al</I>., 2003).  Different researchers (Lupo, 2010; 
Thiel and Smith, 2004; van Zyl and Bronson, 1994) have classified leach pads into different 
categories (Table 4). 
Inter-lift liners are becoming universal for oxide copper ores and will probably be adopted by the 
emerging nickel heap-leaching industry. These thin geo-membranes are used to separate lifts of 
fresh ore from underlying leached ore to reduce acid consumption, and have the additional 
benefit of allowing drainage of PLS before it enters leached ore with declining permeability. 
Both raincoats and inter-lift liners represent a new view of geo-membranes: neither needs to be 
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“near defect free” as we strive to achieve for containment liners, as both are flow restrictors 
rather than environmental barriers (Steemson <I>et al</I>., 2010; Breitenbach and Smith, 2007, 
2006). 
Heap stacking methods 
The choice of a particular stacking method will depend on: planned throughput (high tonnages 
normally use mobile stacking conveyor), heap type, heap height, particle size (coarse ROM ore 
will require trucks) and ore properties (permeability, etc.). Heap construction practice plays an 
important role in the overall performance of a heap leach. There are two principal options: truck 
dumping and conveyor stacking. The heaps are constructed by dumping from haul trucks, 
stacking with a front-end loader or mechanical stacking with or via telescopic/grasshopper 
conveyor belts with travelling bridges (radial stacker) in sequential lifts (Kappes, 2002; Bartlett, 
1998). The major disadvantage of truck dumping is the compaction of the ore due to the weight 
of the trucks and their loads (Kappes, 2002). Several studies have indicated large trucks 
noticeably compact ore to a depth of two meters. Consequently the heap surfaces often need to 
be ripped before leaching is commenced in order to break up the compacted zone, thereby 
improving the permeability of the top of the heap (Kappes, 2002; Bartlett, 1998). Where rock is 
hard and contains very little clay, it is possible to maintain high permeability even when ore is 
crushed and dumped with trucks. Stacking by both truck dumping and conveyor stacking causes 
segregation of the ore - the fines remain near the top, and the coarse material rolls to the base of 
the lift, creating a highly permeable zone at the base. To control the degree of this segregation 
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the ore may be partially agglomerated (wetted to cause the fines to stick to the coarse material) 
prior to loading onto the trucks. 
Conveyor stacking, especially for agglomerated ore, is commonly used for handling of large 
quantity of crushed material for its ease/mobility, more homogeneous ore grain size distribution 
in the heaps and its favourable economics over truck loading of leach pads. Also, equipping 
conveyors with automated water sprays, applied during stacking, has a practical advantage over 
pre-wetting the ore material for leaching and providing dust control. Conveyer stacking allows 
for the gentle placement of ore which can help minimise compaction and segregation of the ore. 
In some cases where the heap height is significant, the base of the heap can become compacted 
due to the large drop from the conveyer to the ground. This problem can be overcome largely by 
leaving the stacker at the full height of the pile and then allowing the ore to slide down the 
existing heap (Kappes, 2002; Bartlett, 1998), although this may results in the same segregation 
as observed with truck dumping. Johnson (1983) patented a cellular heap leach process wherein 
a heap is constructed from a number of cellular heaps formed by loading ore onto an 
impermeable pad having a raised berm network to separate the pad surface into a multitude of 
reservoirs. A method for forming a number of ore piles with one repositionable conveyor was 
introduced by Bernard and Kelly (1998). In this manner, significant system down time 
conventionally experienced in moving a conventional shiftable conveyor is avoided. This method 
later improved for multiple lift stacking (Bernard, 2002). TNT’s patented Super-
portable<sup>TM</sup> technology allows fully independent movement of each piece of 
mobile conveying equipment on the stacking pad. Super-portable<sup>TM</sup> conveyors, 
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with each mobile conveyor at a capacity of 2,600 t/h (and more recently 5,467 t/h) are used in 
support of stacking operations at Morenci copper heap leach operations (www.tntinc.com). 
Irrigation systems 
It is well established that the solution dripping onto the surface is distributed throughout the 
depth and breadth of the heap by the combined effects of gravity and capillary action (Afewu and 
Dixon, 2008; Schlitt, 1992). The irrigation pipe network for each heap comprises main lines at 
ground level and heap supply header pipes along the top of the heap, which distribute solution 
over the surface of a stacked heap through a variety of spreading devices such as rotating impact 
sprinklers, wobbler sprinklers, Bagdad wigglers and pressure drip emitters. In general, irrigation 
methods can be divided into sprinklers and emitters. Characteristics of these two categories are 
given in Table 5. 
Investigation of irrigation systems and devices has been the subject of many different studies and 
patents (Guzman, 2008; Burgmayer, 2002; Lane, 1999; Krieg, 1998; Allen, 1994; Brown 1988; 
Krauth, 1987; Bodine, 1986; Kohorn, 1980). The effective flow areas for most leaching emitters 
are small, and they often require the solution to be clarified to 150 or finer mesh to avoid 
clogging. Wobbler® technology minimizes clogging without requiring expensive filtration. 
Channelling and plugging problems associated with drip systems make it difficult to achieve 
even solution/ore contact, especially in the upper section of a leach pad.  Regardless of whether 
the choice is sprinklers or drip irrigation, one of the often overlooked design features is the 
changing head along the length or width of a heap and the need to provide the necessary pressure 
regulation to ensure uniform solution distribution (Guzman, 2008; Burgmayer, 2002). 
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A method of injecting leach solutions applied directly into specific areas in Nevada heap leach 
operations  was presented by Wan and Brierley (Wan and Brierley, 1997; Wan, 1997). The 
method, trademarked Hydro-Jex<sup>©</sup>, uses techniques similar to those developed for 
the oil and gas industry. The Hydro-Jex© application provides a direct means of delivering 
leaching reagents to the targeted areas and is thus an important tool for heap leach operations that 
can improve metal recovery, change solution chemistry and reduce rinsing time and closure 
expense (Rucker, 2015; Rucker <I>et al</I>., 2009a, b; Seal, 2005; Bhakta, 2003; Wan and 
Brierley, 1997; Wan, 1997). Hydro-Jex© re-leaching was undertaken at the Valley Leach 
Facility at AngloGold Ashanti’s Cripple Creek and Victor Gold Mine (CC&V) (Seal <I>et 
al</I>., 2011), supported by geophysical monitoring. 
Aeration lines 
As is discussed in sections 2.2 and 3.3.4, the rate limiting step in oxidative heap leaching is often 
gas-liquid mass transfer, and the interior of a heap, if not properly aerated, is prone to anoxic 
conditions. Initially heap/dump operations relied on natural advection, but this was found to be 
inadequate. Bartlett and Prisbey (1996) emphasise the importance of oxygen diffusion in heap 
bioleaching by analysing the effects of natural convection and gaseous diffusion in heap leaching 
systems. Some operations use low-pressure air blowers at the bottom of the heap (Watling, 
2006), while others use on-off irrigation; all with the same purpose in mind, to create an 
oxidative environment. In many cases, air is actively blown into the heap through perforated 
piping connected to fans installed at the foot of the heap. As the heaps/dumps are usually very 
big, this has to be done in as economical a way as possible. The general approach has been to 
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blow low-pressure (typically 7-21 kPa<SUB>g</SUB>) air through corrugated HDPE pipes 
buried in the ore or within inert overliner material under the ore. The air holes are usually small 
(1-4 mm) and tend to become blocked very quickly. Blocking of air holes is caused by fine solids 
and precipitates/crystals, which are carried to the air pipes by the leach solutions percolating 
through the heap/dump (Bouffard and West-Sells, 2009; Bartlett and Prisbrey, 1996). 
Production underperformance of Girilambone Copper Company (GCC) in Australia and 
Compañia Minera Quebrada Blanca (CMQB) in Chile was the breaking point to adopt forced 
aeration to leach secondary copper sulphides. These operations recognized the role of oxygen as 
a critical component for leaching chalcocite. In 1996, GCC began to use forced aeration, 
followed by CMQB later that year as well. The significantly improved recovery of copper from 
an aerated chalcocite test heap at Girilambone prompted the strategy of re-mining and aeration of 
under-performing heaps (Lancaster and Walsh, 1997). A review of the historic production 
records at CMQB by Scheffel (2006) reveals that the actual forced aeration and increment of the 
leach volume were done at the same time; as a consequence it is unclear whether the forced 
aeration alone improved production. However, forced aeration of heaps has shown no 
statistically significant improvement in leach kinetics for ore grades less than 1.5% copper as 
chalcocite. Scheffel (2006) suggested that forced aeration may be beneficial in operations where 
the gaseous porosity (as opposed to the liquid porosity) is marginal or when the copper grade is 
over 1.5% as chalcocite. 
Paul and Johnson (1975) patented a thin layer leaching method as a first generation effort to 
improve aeration within bioleach heaps. In this method, the ore sample is spread on a permeable 
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substrate in a thin layer about one-half to one meter thick to ensure a short diffusion part of 
oxygen. Castillo and Smithson (2001) introduced an air distributor for use in heap or dump 
leaching systems with an air pipe having a series of holes for releasing air from the pipe and one 
or more protective membranes spaced outwardly of the air holes to shield the air holes. Menacho 
(2010) patented a heap leaching aeration system for a bed of ore that is laid upon a basal layer 
and that has a gas source located upstream for supplying gas and aeration pipes that distribute the 
gas downstream to the bed. Each aeration pipe has spaced-apart gas emitters that distribute gas to 
the bed and the aeration pipes extend through the bed towards the basal layer. Recently, different 
air distributor techniques and tools have been investigated in terms of their effect on air pressure 
and mechanical characteristic of piping systems (Harvey, 2007; Harvey <I>et al</I>., 2007; 
Castillo, 2001). Sierakowski and Waddell (1995) introduced the concept of fluorocarbon fluids 
as gas carriers to supply air into base metal heap leaching operations. In this method, leaching of 
precious and base metal values is achieved by contacting a metal-bearing ore or ore concentrate 
with a solution of an oxidizing gas dissolved in a perfluorinated hydrocarbon liquid and thus 
extracting the precious or base metal from the metal-bearing ore into a subsequent aqueous rinse. 
In his theoretical study of heat distribution within heaps, Dixon (2000) has clearly shown that 
forced aeration can significantly enhance heat management in heaps (effectively through a 
redistribution of heat by the upwards transport of humid air). While this may not directly benefit 
the reaction rate through improved oxygen supply, it indirectly enhances leaching rates through 
better temperature distribution within the heap (Petersen and Dixon, 2007). A large column study 
by Petersen et al. (2010) has also indicated that in bioleaching operations the supply of 
CO<SUB>2</SUB> rather than oxygen is the critical factor in designing aeration systems. 
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Ore heap density 
It is not uncommon for the ore volume to compact by 5% to 20 % , resulting in a slump of the lift 
height during the first few weeks of the leaching cycle, depending on the geology of the ore and 
particle size distribution (PSD) being treated. Compaction of the ore results in changes in the 
bulk density of the material. In return, an increased density changes all the other hydraulic 
properties of the ore (porosity, saturated hydraulic conductivity, capillary pressure and solution 
retention capacity). Ore density is a "master" variable that has significant impact on the 
hydrodynamic response of an ore under leach(Guzman, 2011). The ore heap density varies from 
that of a loose dry fill material during lift placement to a uniformly wetted, loaded, and 
consolidated dense granular fill over time in multiple lift heap leaching operations. The ore 
material generally consolidates by about 7 to 10 percent for gold and silver heaps and by about 
10 to 15 percent for copper and zinc heaps. Most of the heap densification occurs within the first 
15 to 30 m of ore heap fill from the bottom, although it is depends on ore type, particles size and 
the amount of ore on top of the consolidated section. Heap bulk density controls the physical and 
hydraulic response of the ore and generally varies from 1.4 to 1.9 t m<sup>-3</sup>. Typical 
heap moist unit weight densities range from 1.8 to 2.1 t m<sup>-3</sup> with maximum unit 
weight densities occurring during leaching operations (Guzman, 2011; Bouffard and West-Sells, 
2009; Breitenbach, 2004; Lizama, 2001; Lancaster and Walsh, 1997; Bartlett and Prisbrey, 
1996). Therefore precise integrated hydrodynamic and stacking tests are indispensable to assess 
the changes in bulk density as a function of overburden, simulate percolation process and define 
maximum lift and heap height. 
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Heap operation 
Application of leach solution 
Irrigation rate 
Selection of the optimum application rate requires knowledge of the range of permeability and 
moisture retention ability that exists within the heap. The zone of lowest permeability (often the 
surface layer) determines the maximum effective application rate. Application rates in excess of 
this will result in ponding, short-circuiting and channelling of solution, leaving areas of the heap 
not penetrated by the solution and hence unleached. High application rates tend to promote flow 
through the coarser-textured segregated material. This can lead to flooding, depriving those areas 
of the bed of air. In bioleach operation this will cause the bacteria to become deprived of oxygen 
and carbon dioxide, resulting in a decrease in microbial activity and hence metal recovery 
(Watling, 2006; Bartlett, 1998). Furthermore, high solution application rates will primarily dilute 
the PLS that leaves the heap, while not enhancing or even limiting recovery. Alternate flow rates 
which are actually being used in industrial applications were justified by a sensitivity analysis by 
Mellado <I>et al. </I>(2011). They proposed an exponential decreasing flow rate path that can 
be used as an alternative with the corresponding economical benefits. 
Variations in the leach solution application rate can sometimes be advantageous. An example of 
this is with gold leaching, where decreasing the solution feed rate can offset the decrease in 
metal leaching that tends to happen over time. Furthermore, changes in solution feed rates may 
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be called for due to the evolution of the heap permeability. If the solution flow rate is too low, 
leaching times may become too long which in turn could make a heap economically unfeasible 
(Watling, 2006). 
The appropriate irrigation rate in heap leach operations depends on the mineral type. The 
irrigation rate for leaching secondary copper sulphides is limited essentially by the permeability 
of the heap. Since the dissolution of secondary sulphides is predominantly oxidative, flow is 
necessary to ensure the presence of oxidants such as oxygen in the gaseous phase and ferric in 
the aqueous phase. The irrigation ratio controls the colonisation and steady-rate stages of 
bioleaching, as well as the acid and Fe balances. The heap modelling study by Dixon and 
Petersen (2003) showed that chalcocite leaching is governed by acid reagent supply. Lizama 
<I>et al</I>. (2005) showed that if two columns of different heights are irrigated at the same 
rate, the shorter column receives a greater amount of reagent per mass of reacting ore in a given 
time period and faster reagent feed, which will result in a faster leach. 
4.1.1.1 <B>Intermittent or pulsed irrigation</B> 
Continuous irrigation is most typically applied in heap leaching. At the same time it is widely 
thought that intermitt nt irrigation favours metal dissolution. Several studies have suggested 
intermittent irrigation would be beneficial, especially for leaching of coarse ore beds (Muñoz 
<I>et al</I>., 1995; Pradhan et al., 2008). According to these, intermittent irrigation would 
increase the metal dissolution per unit volume of irrigation solution added when compared to 
continuous irrigation. In such cases, the leach solution is intermittently sprayed onto the surface 
of the heap and is allowed to percolate before fresh solution is applied. During irrigation, the 
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capillary forces draw the liquid into the mass of the ore. When irrigation ceases, the liquid drains 
out from the capillary and remains on the surface, and renewed irrigation carries with it the 
dissolved metal ion, and the process begins again with the introduction of fresh liquid into the 
capillary. In this way, intermittent irrigation may be more effective than continuous irrigation, 
since the alternate draining and drying of the capillaries is considerably faster than the simple 
ionic diffusion through a static capillary full of fluid. 
It has been claimed that coarse ore heap bioleaching systems are more efficient during 
intermittent irrigation (Pradhan <I>et al</I>., 2008; Muñoz <I>et al</I>., 1995). Aslam and 
Aslam (1970) have demonstrated that intermittent irrigation implemented on a daily basis in the 
presence of microorganisms yields more copper than intermittent irrigation done once in a week. 
Bruynesteyn (1983) suggested that the irrigation frequency (cycle) in intermittent irrigation is 
determined by the rate of evaporation and the concentration of the metal in the exiting liquid 
phase. The most recent study done by Saririchi <I>et al</I>. (2012) considered the effects of 
intermittent irrigation on heap leaching systems. They claimed that more than 70 % of zinc was 
extracted in 80 days under intermittent irrigation, compared with conventional bioleaching which 
showed 50 % over a similar period. They also suggested that while intermittent irrigation was not 
a key parameter in leaching, it was still required to sustain and improve microbial activity in the 
column. This research, however, does not give explicit recovery results to support their claim 
and lacks the necessary validation data. 
Intermediate leach solution 
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In a two-stage leach operation, the barren solution from the SX plant (“raffinate”) which has a 
high acid concentration, is fed to those heaps that have been leached to greater than 50% copper 
recovery. The solution exiting these heaps, called “intermediate leach solution” or ILS, becomes 
the feed to fresher heaps from which less than 50% of the copper has been recovered, which then 
produce PLS suitable for SX recovery. ILS ponds effectively allow two-stage counter-current 
leaching and permit recovery of low-grade leach solution from towards the end of the leach cycle 
in the primary heap, where the acid consumption per kg copper leached (the ‘leach ratio’) tends 
to increase. Through that the ILS advances and is built up into high-grade PLS in the secondary 
heap. Pond levels and solution grades are controlled, depending on existing conditions, by 
directing each individual heap effluent stream to either the PLS, ILS or raffinate drains. In 
staged-leaching facilities, the ILS collection pond is placed closest to the heap compared to the 
PLS pond. This prevents solids washed off the heaps from reporting directly to the PLS pond 
(Pradhan <I>et al</I>., 2008; Lizama <I>et al</I>., 2005). 
Wetting agents 
Wetting agents are chemicals that act to reduce the surface tension of the liquids. A reduction in 
surface tension can result in increased flow and a more thorough wetting of the heap when 
wetting agents are added to the leaching solution of heap leach operations. In this way, wetting 
agents have the potential to produce the following benefits. 
1. Increased recovery as a result of solution flow into regions of the heap that would otherwise be 
‘dry zones’ or unleached regions. 
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2. Increased solution-metal contact as a result of improved penetration into voids and cracks in 
the ore particles, resulting in increased metal dissolution and recovery. 
3. Reduced leaching time, which in turn reduces leaching agent and pumping costs. 
4. Reduced need for agglomeration or special treatment of certain ores. 
Wetting agents also have the potential disadvantage of reducing metal recovery. This can occur 
if wetting agents form a hydrophobic layer at the solution/air or solution/solid interface and 
retard diffusion of the reactants to the metal surface or products away from the surface. 
A number of studies have been completed on the use of wetting agents to improve heap leaching 
efficiency, with mixed results. Browner and Strickland (1992) found that although a given 
surfactant increased the rate of solution percolation, metal dissolution was reduced. Arnold and 
Pennstrom (1988) found that the effect of wetting agents to be dependent on ore type. Even small 
increases in recovery result in a very favourable return on investment because the cost of the 
wetting agent addition is relatively low. Frank <I>et al</I>. (1991) have patented acid leaching 
of copper ore in heaps with a fluoroaliphatic surfactant. Dissolving a small amount, for example 
10 to 100 ppm, of the surfactant in the aqueous sulphuric acid leaching solution improves the 
amount of copper values leached and recovered. The surfactant is not extracted into organic 
medium in the SX circuit, and does not cause a stable emulsion to be formed during extraction. 
Efficient heap bioleaching requires the presence of an effective and appropriate indigenous 
bacterial population. Bacterial inoculation with the leach liquor cannot be effective, since many 
organisms are naturally adherent to the ore particle surfaces and do not penetrate to the interior 
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depths. The StickiBugs™ approach (Gericke <I>et al., </I>2005) as an inoculation strategy with 
a surfactant additive has been introduced by Mintek. The StickiBugs™ process is capable of 
generating a sufficiently large population of desirable bacteria and to facilitate attachment to 
inner depths of heaps. Bacterial activity can thus be enhanced following effective 
inoculation.The StickiBugs™ process prevents the desirable bacterial population from remaining 
at the top of the heap and facilitate their penetration into the heap. The process relies on the fact 
that bacteria lose their adhesion tendency if deprived of an essential nutrient. 
Curing and leach/rest cycles 
Curing is a pre-treatment in which concentrated sulphuric acid is added to a crushed ore either on 
a belt conveyor or in an agglomerating drum to start reactions with acid soluble copper and 
gangue minerals. If done in rotating drums, this agglomerates the fine material with larger 
particles ensuring acidification and wetting of the ore prior to stacking (Watling, 2006). The first 
patent on curing was related to the cleaning of molybdenum ores from copper sulphides by 
adding sulphuric acid at its boiling point (Morgan, 1933). Another publication was related to the 
curing of uranium minerals (Smith and Garrett, 1972) using 10% acid solution at 95 
<sup>o</sup>C. The thin layer leaching method (see section 5.4a) includes acid curing prior to 
leaching (Paul and Johnson, 1975). The patent mentions several beneficial effects of curing, 
including generation of metal salt crystals that enhance bed permeability, crack generation which 
enhances diffusion of solutes within the ore particles and accelerates leaching. It also supports 
dehydration and carbon dioxide evolution from carbonate gangue. Farlas <I>et al.</I> (1995) 
have shown that copper oxides such as malachite and chrysocolla react with concentrated 
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sulphuric acid to form copper sulphate crystals. After the curing period, subsequent leaching 
with raffinate easily dissolves the copper sulphate. A process for ferric curing of copper 
sulphides was patented by Fountain (1997) in that a heap is leached with PLS from an associated 
dump leaching operation. The use of dump PLS ensures high ferric concentrations. According to 
Fountain (1997), ferric curing can be conducted using more than 10 g/L of ferric. 
Leach/rest cycles can also improve the economics of leaching, especially in the case of older 
heaps. During the periods of no irrigation, stagnant solution remains in a fraction of the void 
spaces and the dissolution of valuable metal species will continue in this liquid. When irrigation 
is recommenced, the liberated metal ions that have built up in the stagnant solution are washed 
out of the heap. In this way a limited flow of high-grade pregnant liquor can be economically 
maintained. This cyclical approach can dramatically reduce the operating costs for irrigation 
(pumping) and metal recovery from the PLS, as its grade will be higher (Guzman, 2011; 
Burgmayer, 2002; Lane, 1999). In principle, however, rinse/rest cycles are the same as 
intermittent irrigation, except the cycle time is longer. 
Heat transport 
Heat generated by exothermic chemical reactions in a heap is transported via convection by the 
gaseous and liquid phases, and via conduction through the heap solid mass. The accumulation of 
heat in the heap is determined by the balance of the heat of reaction during leaching, heat 
transport downward with the flow of warm water and heat transport upwards through the flow of 
water vapour with the rising air as well as boundary conditions such as insolation at the heap 
surface (Petersen and Dixon, 2007; Dixon, 2000). 
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In heaps in which the aeration rate is small, the temperature inside the bed increases with 
increasing depth. The highest temperature zone is located near the bottom (Moreno <I>et al</I>. 
1999). Several investigators have done heat balances around dump and copper sulphide heap 
leaching operations (Mellado <I>et al</I>., 2011; Leahy <I>et al</I>., 2007; Dixon 2003; 
Petersen and Dixon, 2002a; Brierley and Briggs, 2002; Betty, 2000; Dixon, 2000; Marsden <I>et 
al</I>., 1995). Heat transport is especially important in copper sulphide heap leaching, in which 
one or more highly exothermic sulphide oxidation reactions take place, for several reasons. First, 
the bacteria, which catalyse the oxidation reactions, are sensitive to temperature. Secondly, many 
oxidation reactions central to copper recovery from secondary ores are strongly temperature-
dependent. For example, arguably the oxidation of so-called blue remaining covellite, or 
blaubleibender, which is the intermediate product of chalcocite oxidation, has a high activation 
energy and its rate of dissolution is therefore strongly temperature dependent (Dixon, 2000). 
A number of methods have been described in respect of generating heat in a heap: 
 Acid conditioning of ore using hot water to add heat to the heap and promote more rapid 
oxidation (Schnell, 1997); 
 Increasing the heat-generating capacity of the heap with, for example, additional sulphides 
(Kohr et al., 2002); 
 Heat transfer to heap irrigation solution via a flexible, heat-absorbing distribution mat with 
parallel spaced emitter tubes (solar heating) (Lane, 2000); 
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 Heat transfer to heap leach solution from another process (Batty and Norton, 2003; Schnell, 
1997). 
 Aeration with humidity and temperature control to maintain a heap environment suitable for 
thermophiles (Winby and Miller, 2000); 
 Managed aeration and irrigation to maximise heat conservation in the heap (Norton and 
Crundwell, 2004); and 
 Addition of carbon (carbonate, carbon dioxide, organic carbon) to the heap to enhance 
microbial growth and activity at temperatures above 60 °C (du Plessis and de Kock, 2005). 
The two main operational controls, that facilitate the management of heat retention in a heap, are 
air flow and irrigation rates. Irrigation rates have direct or indirect beneficial effects on microbial 
activity and thus heat generation. Reduced irrigation rates cause increased gradient effects and 
may result in the accumulation of soluble salts and the development of high osmotic potentials, 
both of which could have a detrimental impact on microbial activity (du Plessis <I>et al</I>., 
2007). 
Dixon (2000) presented a fundamental model of heat flows within a heap reactor, indicating the 
ratio of irrigation to aeration is a critical parameter in the distribution of heat. In later studies 
(Petersen and Dixon, 2007; Dixon and Petersen, 2003) this heat model was integrated with a 
heap reactor model and clearly identified critical operating ranges in which heat retention in 
heaps would be maximised. Leahy <I>et al</I>. (2005) confirmed in a separate modelling study 
that copper will be extracted faster at a higher liquid flow rate at a fixed aeration rate. This is a 
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result of the fact that a faster liquid flow rate causes more cooling and allows microorganisms to 
survive in greater numbers, leading to higher Fe<sup>3+</sup> concentration and hence faster 
copper extraction (Leahy <I>et al</I>., 2005). This finding is, of course, dependent on whether 
excessive heat is generated in a heap or whether heat retention is the key for maintaining desired 
high temperature conditions for chalcopyrite leaching, as indicated by the column tests by 
Petersen and Dixon (2002b). HotHeap™ is a biological heap leach operating philosophy coupled 
with an instrumentation and control system that maximizes heat conservation and thus 
bioleaching kinetics. The HotHeap™ control system was patented by Crundwell and Norton 
(2002) and goes back to original model by Dixon (2000). 
Heap Height 
Generally, the higher the height of a heap, the lower is the permeability in the lower zones and 
therefore the maximum operating irrigation rate. However, there can be substantial process or 
operational benefits in operating at a higher heap height, such as reduced operating costs in 
multi-stacking. Reducing the heap height not only affects the distribution of acid within a heap, 
but also affects heat generation and hence temperature distribution. A shorter heap effectively 
has less volume per unit area footprint, within which heat is generated, and therefore heat is 
removed more easily without raising temperatures as high as in a taller heap (Petersen and 
Dixon, 2007). Padilla <I>et al</I>. (2008) showed that an inverse relation exists between the 
height of a heap and its rate of extraction. This was further confirmed by the observations of 
Lizama <I>et al</I>. (2005). 
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Padilla <I>et al</I>. (2008) suggested that the heap height and the leaching time had the greatest 
effects when determining the most optimal circuits. They suggested that the optimum, from an 
economic perspective, does not necessarily represent maximum recovery, and that the copper 
concentration of the outflow solution from the heap is not a good indicator of maximum 
extraction. Heap height does not remain constant after leaching is started due to collapse or 
slumping of the bed. This slumping causes a decrease in the bed voidage and permeability 
(increase in bulk density) which can affect the gas and liquid flows (Wu <I>et al</I>., 2009; 
Lizama <I>et al</I>., 2005). 
Solution management 
Management of leach solutions is an important part of a heap leach operation, both to maximize 
metal recovery and to prevent the loss of reagent bearing solution to the environment. The 
selection of a particular solution management system for a heap leach facility will change 
according to design criteria established from metallurgical testing and the ore production and 
processing cycle. Depending on the types of and grades of ore materials to be treated using heap 
leaching, either single or multi-stage leaching will be required to maximize value metal recovery 
from the heap. The design of solution pond capacities is predicated on: the tonnage of ore to be 
processed per month or annum, the leach cycle time, solution application rate, the area under 
leach, the exposed lined area of pad not stacked with ore, total ore tonnage to be stacked on the 
leach pad and final height of stacked ore. Ponds are sized to have sufficient capacity to allow 
operators flexibility to optimize processing of the pregnant solution and safely to manage the 
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liquids in cases of power outages and major rainstorm events (Guzman, 2008; Schlitt, 2006; 
Sánchez-Chacón and Lapidus, 1997). 
Storm water ponds should be kept empty and not used as make-up water storage facilities. 
Common design practice is to have the following ponds, located downslope of the heap: PLS 
pond, BLS pond, Pregnant Pond Bottom (Double Geomembrane), ILS, Overflow/Stormwater 
Pond (standby for emergencies), Detoxification pond (standby for emergencies). Considering 
that the pregnant solution is the most valuable asset of the mine operation and for environmental 
protection purposes, current design practice for ponds is to install double layer of composite liner 
system fitted with leak detection pipes and pumps (Ilankoon and Neethling, 2012; Domic, 2007; 
Readett <I>et al</I>., 2006). The aeration requirements may also adversely affect both the water 
and heat balances in the heap, assuming that the air exiting a heap or dump is saturated air at the 
operating temperature of the heap. Therefore, blowing an excessive amount of air will evaporate 
a substantial amount of water. This will increase make-up water requirements. In addition, 
Schlitt (2006) has postulated that evaporation will remove a significant amount of heat which 
could lead to significant cooling in the heap, thus retarding the leaching rate. On the other hand, 
Dixon’s (2000) work has shown that air cooling may in fact be necessary to avoid over-heating 
the heap, especially bio-heaps. Aeration rates high enough to result in over-cooling of the heap 
are unlikely to be applied in operational practice due to limited permeability of heaps to air flow. 
Overall evaporative losses include the sprinkler losses, convective loss from air flowing through 
the heap, and losses due to heating/evaporation from ponds and from other areas not sprinkled. 
These have been determined at several Nevada operations to be up to 20% of total solution 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
76 
pumped in summer months and 10% annually, with direct sprinkler losses accounting for about 
60% of that (Schlitt, 2006). Use of drip irrigation can reduce but not eliminate evaporative loss. 
In tropical climates, noticeable losses occur even during the rainy season. The pipes and emitters 
are typically covered with a thin layer of ore, which allows for operation in very cold climates 
(prevents freezing) as well as very hot climates (minimises evaporation). Where rainfall is high 
and evaporation rate is low, some operations (such as at Yanacocha, Peru, altitude 3500 meters) 
cover the side slopes with plastic to minimize rain collection. Others (Rio Chiquito, Costa Rica-
Mallon Minerals Corp) have tried to cover the entire heap during the rainy season, but this has 
not worked very well because of the mechanical difficulties of moving the cover (Domic, 2007; 
Schlitt, 2006). In West Africa and Central America it is acceptable practice to treat and discharge 
excess solution during the rainy season. The worst water balance situation occurs in cool, damp 
climates such as high altitude operations. In such climates, rainfall and snowfall may be 
significant and evaporation is minimal. In areas of high seasonal rainfall, PLS can be 
significantly diluted and excess solutions must be retained in storage ponds to be used during 
periods of high evaporation. Spray irrigation may have to be used to enhance evaporation of 
excess solution, but this can be counter- productive, or incompatible with heap permeability as 
discussed in the section 4.2.3. Site drainage of storm run-off is a critical component of any pad 
design. 
Plastic balls or other floating devices, such as Hexa-Cover® cover (Hexa-Cover, 2014), that 
cover the entire surface of process ponds, are quite effective tools to minimize evaporation 
mostly in the dry areas such as the North of Chile. These, together with netting or the use of air 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
77 
cannons also help to minimize direct access of migratory birds to the ponds (Gunson et al., 
2012). 
Wick drains, commonly known as Prefabricated Vertical Drains or PVDs, are prefabricated 
strips of flexible polypropylene, have recently been applied for improvement of drainage from 
heaps which contain clay minerals.  This technology has been used in some of the Freeport-
McMoRan operations including El Abra (Chile) and Safford (USA) (Todd, 2014; Alexander 
<I>et al</I>., 2013). The technique is very promising but further development is required to 
refine the conceptual integration of wick drains into the process of heap design. 
A further aspect that needs to be kept in mind is that, when the heap leaching cycle has been 
completed, the remaining moisture within it – typically 5 to 8%  – is abandoned or disposed of 
along with the ore. As this solution may still contain significant concentrations of dissolved 
value metal, this presents a considerable operational loss (Guzman, 2008; Sánchez-Chacón and 
Lapidus, 1997). Another concern regarding solution management is the temperature of process 
solutions as they collect in the ponds. Low solution temperatures can retard the extraction rate 
leading to inefficient recovery during SX. This is often overlooked in column testing, which is 
typically done under warmer ambient conditions at the laboratory (Domic, 2007; Schlitt, 2006; 
Readett <I>et al</I>., 2006). 
Heap covers and heat shields 
Raincoats are becoming much more common in the industry as mine sites employing heap 
leaching move increasingly into wetter climates. Many new operations are already located in or 
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planned for the tropics, including northern Peru, equatorial Brazil, Central America, Philippines 
and West Africa. High rainfall dilutes operating solutions and surplus water can trigger the need 
for significant water treatment costs (Thiela and Smith, 2004). Raincoats serve the dual purpose 
of reducing water entry into the process circuit and related issues of dilution of reagents and 
surplus water balance, and protection of the surface of the heap from erosion and damage to the 
agglomerates (Breitenbach and Smith, 2007). 
In a commercial heap, which typically has an effective perimeter length of several kilometres, 
the heat loss through the side walls is negligible compared to the heat generated within the bulk 
of the heap. In a high temperature heap leach, where the average ore temperature is greater than 
50<sup>o</sup>C, the principal heat losses occur in two areas: a) at the base of the heap where 
warm solution drains out of the ore and relatively dry cool air enters the ore; and b) at the top of 
the heap where irrigation solution is distributed on the ore surface at a relatively low 
temperature, hot saturated air leaves the ore surface and heat loss from the surface to the 
surroundings occur. The latter, for example requires that in n cold climates the heaps must be 
protected against freezing (Saari and Riekkola-Vanhanen, 2011). 
Several options have been considered for conserving this lost heat, and thereby increasing the 
internal temperature of the heap, including (Mellado <I>et al</I>., 2011; Dixon, 2000; Schnell, 
1997): 
 Decreasing the solution irrigation rate; 
 Increasing the aeration rate; 
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 Installing an evaporation shield to the heap surface; this reduces the effective surface heat 
transfer coefficient and resulting heat losses and increases the average heap temperature. Recent 
industrial practice has seen heaps being covered with plastic sheeting; 
 Heating the irrigation solution; and 
 Heating the air, with and without humidification, in the aeration system 
Energy issues play a key role in the economical aspect of the heap design process, and most heap 
operations are in remote areas. Using solar heat as an energy source for the heap leaching of 
minerals has been investigated and patented with different researchers and companies 
(Hernandez <I>et al</I>., 2011; Eksteen <I>et al</I>, 2012; Renato and Flavia, 2006; Lane, 
2001). 
Heap leach test work 
The testing of ores for heap leach amenability is relatively complex and needs proper planning of 
the programme and outcomes. The amount of testing necessary to determine and optimize heap 
leach amenability and conditions for any feed material is determined by the ore type, grade, size 
of deposit, and the overall financial commitment a particular company is willing to make. It is 
very easy to either "under-test" or "over-test" a particular deposit or feed material. Heap leaching 
has inherent risks that can be largely eliminated if the operating practice is informed by initial 
and on-going laboratory testing. The performance of the process is usually not known for several 
weeks or months after the ore is stacked, and at this point, it is not economical to reprocess the 
ore. Mistakes made in the initial plant design or operating practice, for instance by not crushing 
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finely enough, or by not agglomerating or stacking properly, can result in cash flow problems 
that might persist for up to a year after the problem is solved. During production, laboratory 
tests, including column leach tests, should be continued on a regular basis, since the initial ore 
samples are seldom representative of the entire ore body as it is stacked on the heap over time. 
Table 6 shows heap leach test work with typical progress in phases and aims (de Andrade Lima 
2006; Varas and Videla, 2003; Kappes 2002; Baum, 1999; Carter, 1999; Garcia and Jorgenson, 
1997). 
A soluble metal test is necessary to assay and establish the achievable recovery. Test methods 
depend on the valuable metal to leach. Bottle-roll or shake-flask tests are normally performed 
first, to obtain an initial indication of maximum achievable extraction and acid consumption. 
However, the latter are normally overestimated in rolling bottles; hence the acid consumption 
results must be treated as only semi-quantitative. Also, the continuous tumbling of ore particles 
in the bottle results in attrition, leading to higher extraction from increased particle surface. 
The purpose of a column leach test is to collect information (recovery vs. time) on the ore being 
evaluated against which scale-up to industrial scale can be validated, allowing a projection of the 
commercial heap leach performance under different operating scenarios. The columns provide 
more accurate extraction and acid consumption data under trickle bed conditions, as well as an 
initial indication of potential percolation problems (Bouffard and West-Sells, 2009). Test 
columns used in the literature vary widely in height, from as little as 50 cm up to 6 m and in 
diameter from 10 cm to 2 m. Petersen and Dixon (2003) compared the leaching in columns of 
different height and found that short columns would leach faster due to the fact that there were 
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no reagent supply limitations. Similar results were obtained by Lizama <I>et al</I>. (2005). 
Recoveries at the column test stage are often much higher and faster than would be found in full 
scale practice. This is largely because of the following reasons (Varas and Videla, 2003; Kappes 
2002; Baum, 1999; Garcia and Jorgenson, 1997; Potter, 1981): 
 The ore is packed more uniformly in columns than it would be in a heap; 
 Wall effects: larger porosity near the column wall facilitates solution and air channelling. 
In order to eliminate any wall effects in the leach column, and consequently preferential solution 
and gas flow channels, ore samples should be sized correctly, based on the size of column 
diameter. Since the kinetics and pregnant leach solution composition vary with lift height in 
commercial size heaps, a more realistic indication of leach kinetics and impurity build-up is 
obtained in taller columns, at a lift height equivalent of an actual heap (typically 6 metres). A 
problem with column test work is that internal heat generation is too low relative to heat losses 
through the column walls to achieve any significant self-heating. During column tests actual 
heap temperatures need to be estimated and controlled through external heating. A new 
simulation apparatus patented by BHP Billiton SA Limited (van Buuren, 2003) consists of a six-
metre tall simulation column (trademarked as SimCol<sup>TM</sup>) with temperature 
controlled insulation (i.e. heat losses are eliminated by heating the outside of the column to 
within a degree lower than measured on the inside) to circumvent this problem. Further detail of 
this column design is discussed in section 6.1. 
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Cribs are big concrete boxes, generally with one side closed by pieces of wood that allow 
loading of material without compaction, and unloading by sections to analyse residues 
(recoveries vs. heap heights). Generally these are used in copper mines to emulate a rectangular 
section of an industrial heap, to reduce the risk of scale-up. A pilot heap is a large scale heap test 
and commonly contains between 5,000 to 50,000 tonnes of ore (depending full scale operation 
size and ore type) and is tested in closed cycle at the optimum conditions indicated by column 
and cribs testing, at preferred height and stacking method (de Andrade Lima 2006; Varas and 
Videla, 2003; Kappes 2002). 
1. <B>Applications</B> 
5.1 <B>‘Classic’ Au-CN</B> 
Heap leaching has been employed for gold ores since the late 1960s and is gaining increased 
interest throughout the world, especially for exploiting low-grade ores, mine waste materials, or 
deposits too small to justify the construction of a conventional milling and recovery facility. 
Heap bioleaching has been commercially applied in the pre-treatment of gold bearing ores where 
the gold is occluded in sulphide minerals (Brierley 2008; Watling, 2006). Although the 
conventional processing plants still produce relatively more gold, the successful application of 
heap leaching to the extraction of gold from low-grade deposits has been one of the main factors 
contributing to higher output, especially in the United States. Heap leaching accounts for the 
majority of operations in the western U.S. As a result of this interest, new developments and 
major advancements in heap leaching technology continue to come forth, with heap leaching 
accounting for about 25% of primary mine produced gold and 10% of primary silver (Marsden 
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and House, 2006; Kappes, 2002; La Brooy <I>et al</I>. 1994). Table 7 shows historical and 
present commercial gold heap leaching plants. 
‘Classic’ Cu-Acid and Cu sulphides (bio) leach 
Heap leaching of oxide copper ores with copper cathode recovery by SX-EW is now well 
established as a low-cost method of copper recovery. This technology has been commercially 
applied also in the leaching of secondary copper ores that contain copper sulphides such as 
chalcocite (Cu<SUB>2</SUB>S) and covellite (CuS) (Brierley, 2008; Readett <I>et al</I>., 
2006; Watling, 2006). Not surprisingly, the heap leaching of chalcopyrite, both the most 
abundant and the most refractory copper sulphide, is a key industry target and currently there are 
significant development efforts underway to try to extend heap leaching to low-grade 
chalcopyrite ores. In many cases the mineralogy of ore body changes from oxides to mixed, 
secondary and primary with mine depth. This indicates that a mining process plan which 
includes heap operation must be flexible enough to allow joint treatment of ores with diverse 
mineralogy, including oxide and sulphide species. 
Table 8 shows the historical commercial copper heap and dump leaching operations. 
For oxide ores, Cu recoveries are typically in the range 75-95% within 30-100 days. On-off 
heaps (see section 4.2.1) are now also used in the leaching of oxide ores as well as sulphide ores 
rather than the original permanent heaps. A secondary sulphide heap leach requires air injection 
into the heap to promote bacterial oxidation, and leaching rates are much slower and less 
predictable with leach times, typically in the range of 250 to 600 days to achieve 80-90% Cu 
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extraction. Currently about 20% of the world copper production is produced from heap leaching 
of oxide copper and, more recently, chalcocite ores (Augustin <I>et al</I>., 2012; Pradhan <I>et 
al</I>., 2008; van Zyl and Bronson, 1994) (Table 9 for heap and Table 10 for dump leaching). 
Most of these operations are in Chile, USA and Australia. 
‘Classic’ Uranium 
While heap leaching was introduced in the uranium industry in the 1950s, when Portugal began 
to use the technology for extraction of uranium from low-grade uranium ore (Scheffel, 2002), its 
use waned as environmental concerns and low commodity prices made extraction of low-grade 
material unattractive, as there were large amounts of high-grade uranium ores suitable for 
conventional processing at that time. As the high-grade uranium ores have been consumed, many 
countries have turned to heap leaching for extraction of uranium from low-grade ores (Alta, 
2011; Taylor, 2007; Carlsson and Büchel, 2005; Scheffel, 2002; Shakir et al., 1992). 
Future uranium heap leach projects will benefit from the extensive heap leaching experience 
gained in copper and gold heap leaching, including strong acid cure, heap construction 
techniques and operating strategies. At present, commercial operations use acid leaching, 
although it is reported that alkaline heap leaching has been tested in China, and could be worth 
investigating for high acid consuming ores (Alta, 2011; Taylor, 2007, 2009). Bacterial heap 
leaching is also being investigated for more complex, low-grade uranium ores (Gericke et al., 
2008). 
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Current projects focusing on acid-based heap leaching include those at Ranger in Australia, 
Rössing in Namibia and Somaïr in Niger, while the first commercial use of alkaline leaching was 
operational only temporarily at Areva’s Trekkopje mine in Namibia in 2012 before the plant was 
put on ‘care and maintenance’. Carbonate leaching of uranium ores offers the possibility of using 
binders, such as cement, when agglomeration of fines is needed (Taylor, 2007). With uranium 
ores, the additional key benefit of agglomeration or wetting the ores as soon as possible is 
reduction in the dust emissions from conventional dry crushing circuits, which will provide a 
cleaner and safer operating environment. Agglomeration is an integral part of new and future 
heap leaching uranium operations (Alta, 2011). 
Emerging processes 
BTL Process 
An important breakthrough in bioleaching technology has been the process developed by 
Sociedad Minera Pudahuel (SMP) in Chile, named the bacterial thin layer leaching Process 
(BTL). This process has been applied at their plants of Lo Aguirre and La Cascada. The tin layer 
(TL) process patented by SMP (Domic, 1984; Rauld <I>et al.,</I> 1986) appears based on the 
patented process by Paul and Johnson (1975). Originally thin layer leaching was developed to 
process copper oxides, but it was subsequently modified to accommodate an increased 
contribution from sulphide minerals in the ore (Montealegre <I>et al.,</I> 1995). The key 
features are (i) curing, in which concentrated acid is added to the crushed ore and reacts with 
acid soluble and gangue minerals, and (ii) consolidation of fines with larger particles in a rotating 
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drum, which ensures even acidification and wetting of the ore prior to stacking. In those cases 
where organic-free raffinate is used for curing/acidification, bacteria may also be distributed 
through the ore before it is stacked in carefully designed heaps so as to create a bed that exhibits 
good permeability for both solutions and gases. Typically, a short-duration acid leach (18 days) 
recovers 80% of copper from oxides, and between 30 and 40% of copper from bornite and 
chalcocite. The transition to a heap bioleach is accomplished by constructing heaps of the acid-
leached, crushed ore (100% less than 6 mm particle size) stacked to 5–6 m high. Solution pH is 
controlled to ~1.8 to optimize bacterial activity. Leach effluents typically contains 2–3 g/L total 
soluble iron, 20–30 g/L sulphate and ~10 <sup>6</sup> bacterial cells/mL. Temperatures inside 
the heap are in the range 12–27 °C. Leach duration is markedly longer than that required for the 
oxides, and typically ranges from 150 to 210 days for 75–80% recovery of copper from bornite 
and chalcocite. 
GEOCOAT™ and GEOLEACH™ Process 
GeoBiotics, LLC have developed and patented several technologies for biooxidation or 
bioleaching of sulphide ores and concentrates in an engineered heap environment. The two 
principal technologies are the GEOCOAT™ and GEOLEACH™ processes (Harvey et al. 1998; 
Harvey and Bath, 2003). Both technologies incorporate the patented HotHeap™ control 
philosophy to ensure optimum biological performance. In the GEOCOAT™ process, sulphide 
flotation or gravity concentrate slurry is coated onto crushed and sized support rock, which may 
be barren or may contain sulphide or oxide mineral values. The coated material is stacked on a 
lined pad for biooxidation. The process is applicable to the biooxidation of refractory sulphide 
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gold concentrates and to the bioleaching of copper, nickel, cobalt, zinc, and polymetallic base 
metal concentrates. Mesophilic or thermophilic biological systems are used to catalyse the 
sulphide oxidation reactions (Petersen, 2010; Petersen <I>et al., </I>2010). A commercial 
GEOCOAT™ plant was built at the Agnes gold mine In South Africa in 2003. In Australia, GBS 
Gold has entered into a License Agreement with GeoBiotics for the use of the GEOCOAT™ 
refractory ore treatment process at its Union Reefs operations centre in Northern Territory to 
treat refractory gold concentrate (Harvey and Bath, 2003). For the leaching of whole ores 
GeoBiotics has developed the GEOLEACH™ bio-heap leaching process for sulphide ores 
which, for, as they claim, modest capital expenditure, will enable existing acid leaching of 
sulphide ores, significantly increasing copper recovery and reducing leach time on the pad. The 
GEOLEACH™ technology is designed to maximize heat conservation through careful control of 
aeration and irrigation rates. Construction and commissioning of a GEOLEACH™ 
demonstration plant started in 2009 at the Quebrada Blanca copper mine in Chile. The driving 
force behind the GEOLEACH™ process is that most sulphide whole ore leaching systems have 
enough energy present in the sulphides to allow the heap to obtain very high temperatures, but 
poor heat management prevents significant temperature rise. Both the processes are simple, 
robust, and ideally suited to operation in remote locations (Soleimani <I>et al</I>., 2011; 
Pradhan <I>et al</I>., 2008; Harvey and Bath, 2003; Johansson <I>et al</I>., 1999). 
BIOPRO™ technology 
The patented BIOPRO™ process involves heap inoculation during acid conditioning and 
agglomeration, (Brierley, 1997) and has been implemented for the biooxidation of refractory 
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gold ores prior to gold extraction. Newmont has used the capabilities of mineral oxidizing 
microorganisms to develop a process for the pre-treatment of lower grade (0.09-2.0 g/t of gold) 
sulphidic refractory gold ores at Carlin. The bio-oxidation process results in the oxidation of 
sulphidic minerals with increased exposure of gold for subsequent gold recovery. Development 
of Newmont’s patented bio-heap technology (BIOPRO™) to treat low-grade refractory gold ores 
began in 1989 and involved many laboratory column tests, pilot plant tests and large-scale 
demonstration plant tests in the late 1990s. The biooxidation heap pre-treatment process involves 
crushing ore followed by applying a solution containing the microorganisms to the ore, as the ore 
is stacked on plastic lined pads (Dunne <I>et al., </I>2009; Brierley <I>et al</I>., 1995; 
Simmons, 1994). 
Thiosulphate leaching- an alternative to cyanidation in gold processing 
Thiosulphate has been considered as an alternative lixiviant for gold due to the growing 
environmental and public concerns over the use of cyanide. Acceptable gold leaching rates using 
thiosulphate are achieved in the presence of ammonia with cupric ion acting as the oxidant 
(Abbruzzese <I>et al</I>., 1995; Cao <I>et al</I>., 1992; Gong et al., 1993; Langhans <I>et 
al</I>., 1992; Tozawa <I>et al</I>., 1981). Interest in the use of non-cyanide methods for 
dissolution of gold is due to increasing concerns regarding the toxicity of cyanide and the 
inability of cyanide solution to effectively leach carbonaceous or complex ores. Newmont 
developed this technology for the recovery of gold from low-grade carbonaceous sulphidic 
refractory ores that contained preg-robbing material (Wan <I>et al., </I>1993). A combined bio-
oxidation-thiosulphate heap process for high-sulphide ores and a direct thiosulphate leach 
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process for the low-sulphide ores, followed by RIP gold extraction, have been developed by SGS 
to the point where it is a technically and economically viable alternative to cyanidation for some 
gold bearing ore bodies (www.sgs.com/mining). A method for thiosulphate leaching of precious 
metal values from precious metal ores has also been introduced as a patent by Clayton (1993), 
which was later modified by Hackl (2002). Thiosulphate leaching can be considered as a non-
toxic alternative to conventional cyanidation (Wan and Brierley, 1997; Wan, 1997). Although 
not as aggressive a leaching agent as cyanide, thiosulphate offers several technological 
advantages, including its lower toxicity and greater efficiency extracting gold associated with 
preg-robbing ores. Leaching by thiosulphate suffers from less interference by cations such as 
lead, zinc, and copper. In some cases, the gold dissolution rates can even be faster than for 
conventional cyanide treatment. The main disadvantage of thiosulphate, however, is reagent 
consumption and the lack of a suitable gold recovery method. Thiosulphate in the presence of 
oxygen in solution can leach gold. However, without the presence of ammonia, passivation of 
gold occurs through the breakdown of thiosulphate to form a sulphur coating on the gold 
particles. Copper (II) is also required to significantly increase the rate of gold dissolution. 
Despite the multitude of papers in this area, industrial applications where thiosulphate is used 
instead of cyanide are apparently limited to a silver ore plant in Mexico (Wan, 1997). Once a 
retrofitted thiosulphate leach circuit goes into full-scale production in 2014, Barrick Gold’s 
Goldstrike mine will be the largest scale use of the alternative lixiviant in the world (CIM, 2014). 
Research has shown that some ores are well suited to thiosulphate leaching, while others show 
hardly any extraction. The solution chemistry and the mineralogical factors affect the 
effectiveness of ammoniacal thiosulphate systems. The chemistry of the ammoniacal 
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thiosulphate system is very complicated due to the simultaneous presence of complexing ligands 
such as ammonia and thiosulphate, the cupric-cuprous (Cu (II)-Cu (I)) redox couple, and the 
possibility of oxidative decomposition reactions of thiosulphate involving the formation of 
additional sulphur compounds such as tetrathionate (Kerley, 1983). The presence of sulphides 
can affect the above series of reactions. Since modern gold and silver leaching has been moving 
to very complex ores, the successful application of thiosulphate leaching depends not only on the 
dissolution behaviour of gold and silver, but also critically on the behaviour of the associated 
minerals (Feng and Van Deventer, 2002; Wan and Brierley, 1997; Wan <I>et al</I>., 1993). 
AmmLeach 
Alexander Mining have developed a new ammonia heap leaching process for copper oxide 
deposits at their Leon copper project in Salta Province, northwest Argentina. There is significant 
potential for its use on other base and precious metals. Initial laboratory test work results for zinc 
are highly promising, with the potential for a breakthrough in the development of a new low-cost 
SX-EW processing route. In addition, it has the potential for a major breakthrough in the 
processing of previously untreatable zinc oxide deposits, with the development of the first heap 
leach zinc mines (Wana and LeVier, 2003). Alexander Mining has secured a patent for its ore 
processing method of ammoniacal leaching in the Democratic Republic of Congo (DRC) to 
process copper and cobalt oxides (Balashov, 2012). The process uses ammonia-based chemistry 
to selectively extract metals from ores. The difference from acid leaching is that the leaching is 
conducted in moderately alkaline solution with ammonia present as a complexant. The use of 
alkaline conditions allows the use of AmmLeach on high-carbonate ores where acid consumption 
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would be prohibitive. The process has an extremely high selectivity for the target metal over iron 
and manganese, which are insoluble under AmmLeach conditions. Calcium solubility is also 
significantly suppressed by the presence of carbonate and extremely low sulphate levels in the 
leaching solutions. These features ensure that there are no potential problems due to jarosite or 
gypsum precipitation reducing permeability in the heap or scaling problems in the SX plant. 
Additionally, silica is also insoluble in the process, removing problems associated with formation 
of unfilterable precipitates common within an acid leach process during pH adjustment and the 
handling of high viscosity solutions. Ammonia, unlike acid, does not react with aluminosilicates 
and ferrosilicates, whose products can cause drainage and permeability problems in heaps 
(Welham, 2007; Wana and LeVier, 2003). In theory, all the ammonia can be recovered; 
however, Dutrizac (1981) found losses of 5% to 20% when he investigated the ammoniacal 
percolation of chalcopyrite in a column. Ammonia losses appear to be the most significant 
technical barrier to commercial adoption of the process. The solubility of NH<SUB>3</SUB> in 
water will increase with decreasing pH and is reduced at higher pH, and it has a low vapour 
pressure at ambient conditions. In heap leaching, it might be difficult to see how the need for 
good gas circulation for oxygen transport is compatible with the requirement to minimise 
ammonia evaporation (Muzawazi and Petersen, 2015). Decommissioning of the heap is 
extremely simple as no neutralisation is necessary and the potential for acid mine drainage is 
virtually eliminated. Alexander Mining believes the following metals are particular targets for 
the AmmLeach process (Welham, 2007; Wana and LeVier, 2003): 
• Copper and silver in stratabound carbonate and weathered oxide deposits; 
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• Zinc in mixed oxide deposits; 
• Nickel and cobalt in lateritic deposits; 
• Gold, silver and copper in leached porphyries; and 
• Polymetallic base metal deposits, especially uranium. 
Cuprochlor® Process 
Antofagasta Minerals plc and Lakefield Research Ltd have developed and patented a chloride-
enhanced heap leach process called “Cuproclor” that uses NaCl or CaCl<SUB>2</SUB> 
additions to generate the lixiviant. The Cuprochlor® Process can be used on a variety of ore 
types including oxides, mixed oxide and sulphide ores, as well as sulphide ores containing 
chalcocite, covellite and bornite. The Cuprochlor® process was implemented in Minera Michilla 
(MIC) in 2001 and is operating to date, to leach copper sulphide minerals (Aroca <I>et al</I>., 
2012). The most distinctive feature of the Cuprochlor® Process is the addition of calcium 
chloride salt (CaCl<SUB>2</SUB>) in the agglomeration step, which improves the properties of 
the stack and provides a chloride medium for the leaching. The process consists of the fine 
crushing of copper or s followed by agglomeration using calcium chloride and sulphuric acid. 
The calcium chloride is dissolved in water and mixed with the ore where it reacts with the 
sulphuric acid to form gypsum and chloride ions. The chloride ions stabilise copper ions within 
the heap, and catalyse the formation of ferric ions which in turn liberate copper from copper 
sulphides. The pregnant solution then undergoes SX-EW. According to Antofagasta Minerals, 
the process offers a number of advantages over bacterial leaching, including higher recoveries 
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and lower leaching times. In column tests, Cuprochlor® recovered almost 65% of the copper 
after 50 days compared with bacterial recoveries in the region of 37% over the same time period. 
At Michilla, using some 12 kg/t of calcium chloride, the mine achieved copper recoveries of 
90% within 120 days (Aroca <I>et al</I>., 2012). As is discussed in section 3.2.4, BHP Billiton 
has made significant progress in the area of chloride heap leaching, with promising results and 
process development, but most of these studies have not been published due to company 
confidentiality policies. 
BioSigma Technology 
In 2002, Codelco Chile and JX Nippon Mining and Metals Co. created BioSigma to foster 
strategic collaborations with universities, research institutes, engineering companies to develop 
bioleaching technologies in the mining industry. Bioleaching technologies developed by 
BioSigma SA use microorganisms adapted to live on the extreme conditions presented on heaps 
and dumps used on copper mining.  Since 2005, promising results at the laboratory scale lead to 
their validation as processes with stacks of 2,500 tonnes of sulphide minerals at Chuquicamata, 
Codelco Norte and in 2012 in a 50,000 t heap of primary low-grade sulphide ore in the Andean 
Division. The application of BioSigma Technology improved the copper extraction rate by 30 to 
50 percent (BioSigma, 2014; COCHILCO, 2014). Based on the favourable results of the above 
industrial test, Codelco recently decided to introduce BioSigma technology in the Radomiro 
Tomic mine. In the initial phase the technology will be applied to 3.6 million tons of low-grade 
primary copper sulphide ores. Now that the mine is becoming exhausted of oxide ores to which 
conventional hydro-metallurgical process can be applied, the decision to apply the new 
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technology will extend the operating life of the mine. However, besides these claims and the 
demonstration trials it remains unclear what the specific achievements over and above 
conventional heap bioleaching have been to date using BioSigma technology. 
Others 
Commercial Nickel heap operations 
Approximately 65% of global nickel production comes from non-laterite or sulphide nickel ores; 
however, 75% of the known nickel “in the ground” is contained in laterites, and production from 
laterites is expected to exceed non-laterites in the coming decade. Heap leaching of nickel 
laterites (Readett and Fox, 2010; Taylor, 2009) has become more attractive lately for the same 
reasons it did in gold, silver, and copper and appears to be moving into commercial practice. The 
main concerns with nickel laterites are the high acid consumption, potential breakdown of the 
aggregated mineral structures and that nickel is highly integrated into the laterite ore, which 
requires that the mineral structure to be decomposed completely to extract the nickel. In addition, 
as with gold and copper ores, too much clay will cause the solution to channel through the ore 
and not thoroughly soak the heap (Saari and Riekkola-Vanhanen, 2011; Taylor, 2009). Inter-lift 
liners are required, both to reduce acid consumption and to manage the low permeability. Most 
nickel laterite deposits are in high rainfall climates, including Panama, Myanmar, Ghana, Costa 
Rica, Peru, Brazil and the Philippines, and therefore require extensive use of raincoats. Leached 
ore is very weak structurally and wet, requiring considerable investment in stabilization and 
closure. Due to site climatic conditions and nature of the wastes, strict closure requirements will 
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generally apply (Saari and Riekkola-Vanhanen, 2011; Readett <I>et al</I>., 2006). Recently, 
application of heap leaching for extraction of base metals, mostly nickel from laterites, has been 
investigated by different researchers and as result of that, several novel processes have been 
patented (Table 11). 
A review of the relevant literature indicates that one of the  first serious studies on the column 
leaching of nickel laterite ores for possible heap leaching application were conducted on Greek 
laterite ores; first from the Litharakia deposit (Agatzini-Leonardou <I>et al</I>., 2009), and 
subsequently the Triada (Karidakis <I>et al</I>., 2005) and Kastoria deposits. The heap leaching 
invention of Agatzini-Leonardou <I>et al</I>., (2009) described the recirculation of leaching 
solution, through one or more heaps, both with and without acid addition between each cycle. 
Heap leaching for nickel has followed a variety of different development routes, with separate 
technologies being used in the treatment of sulphide and laterite ores. One of the early leaders in 
laterite processing, European Nickel, put its Çaldag project in Turkey on ‘care and maintenance’ 
following permitting delays and is instead focusing on Acoje in the Philippines. The company 
acquired Acoje following its merger with Rusina Mining, which had already begun a leaching 
trial on the mixed limonite-saprolite ore at the end of 2009. European Nickel is now proceeding 
with a full feasibility study on Acoje. Meanwhile, work at Çaldag, where it began its pilot- scale 
testwork in 2005, has proved that acid leaching can produce a high-grade mixed nickel-cobalt 
hydroxide concentrate, at lower capex and operating costs compared to conventional recovery 
technologies (Readett <I>et al</I>., 2006). Other heap leaching processes for nickel are Vale’s 
Piauí Project in Brazil and Metallica Minerals’ Nornico project in Australia, for which the 
authors could not find any published reports. Talvivaara has been the only place in the world 
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utilizing heap bioleaching in nickel extraction on an industrial scale. Construction of the process 
was begun in spring 2007 and first metal sulphides were produced at the plant in October 2008. 
The development of the heap bioleaching process was begun in a 17 000 tonnes on-site pilot 
heap operated during 2005-2008 and has continued as a full-scale industrial heap (Saari and 
Riekkola-Vanhanen, 2011) until late 2014 when the company went bankrupt following an 
environmental spill (see section 2.7). It should be noted that the leaching process generates heat 
primarily while the fast-leaching pyrrhotite reacts, but that does not necessarily last until all 
nickel and copper have been leached. 
Caliche mineral heap leaching 
The caliche mineral is composed of sodium nitrate (saltpetre), sodium chloride, sodium sulphate, 
potassium chloride, and minor salts. At present, iodate is the most important component from 
economical point of view. Insoluble species such as quartz and other silicates are also present 
(Valencia et al., 2008; Pokorny and Maturana, 1997; Ericksen, 1983). In some cases, the soluble 
fraction of the caliche can reach up to 40% (Gálvez et al., 2012). Historically, the processing of 
caliche was done in mobile installations, with stirred and heated tanks, which was applicable to 
high-grade caliche ores with up to 50% of nitrate minerals (Lauterbach, 2004). When the amount 
of soluble minerals decreased in the caliche, new techniques were developed. The Shanks 
technology, introduced in 1878 used double wall tanks heated with vapour. In 1920, the 
Guggenheim process was introduced, which is characterized by the grinding of the caliche and 
lower temperatures (Valencia et al., 2008; Wisniak and Garcés, 2001). Nowadays, the gradual 
diminishing of caliche's grades and an increase of processing costs have resulted in the 
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implementation of heap leaching, which was productively introduced for this mineral at the 
beginning of the 1990s, almost 20 years later than to the metallic minerals (Valencia et al., 2008; 
Fleming, 1992). The leaching of saltpetre differs significantly from the leaching of copper and 
precious metals minerals. With saltpetre, there are several soluble species while in the case of 
copper and gold minerals there are few. In the case of copper and gold minerals, dissolution 
occurs through a chemical reaction; in the case of caliche, dissolution is driven by high solubility 
of the salts, and the final solutions are concentrated further for crystallisation (Valencia et al., 
2008; Cariaga et al., 2005; Wana and LeVier, 2003). 
In industrial operations, caliche heaps reach heights of up to 10 m and are irrigated with a 
nominal rate of 2 L/h/m<sup>2</sup>. The process is divided into 3 steps: impregnation, where 
the material is wetted; leaching, where the soluble species are dissolved and collected as 
enriched solution; and washing, where the remaining soluble species are removed using a 
leaching agent with low ion concentration. Each heap is built through the accumulation of 
600,000 to 900,000 t of caliche mineral. In the leaching step, fresh water or partially enriched 
solution are used as leaching agents. The percolated solution is pumped to the iodate extraction 
plant, which by a reduction step recovers iodine. The resulting solution is then forwarded to 
evaporation ponds in which the nitrate is crystallized mainly as sodium nitrate. In a next step, 
sodium nitrate reacts with potassium chloride, obtained from salt deposits, to produce potassium 
nitrate as final product, which is used as a fertilizer. More details about the process have been 
reviewed by Pokorny and Maturana (1997). 
Heap bioleaching of a zinc sulphide 
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A heap bioleaching process for the extraction of zinc has been introduced by Harlamovs (2001). 
Teck Cominco Metals Ltd. developed the HydroZinc™ process, which combines heap 
bioleaching of a zinc sulphide ore followed by neutralisation, solvent extraction and Zn 
electrowinning. The heap bioleaching step was tested at laboratory scale using columns from 1 to 
6 m in height and in a demonstration plant in two test heaps of 20×20×6 m using relatively high-
grade ore samples from the Red Dog mine in Alaska containing 15.2% zinc. The longest running 
demonstration heap yielded 82% Zn extraction after 740 days on stream, with all heap tests 
showing similar rates of extraction. An economic evaluation of the overall process at full scale 
indicated favourable rates of return given the process parameters studied at the demonstration 
plant (Lizama <I>et al</I>., 2003). A modelling study of the zinc sulphide heap bioleach as 
employed in the Hydro-Zinc™ process was done by Petersen and Dixon (2007). Calibrated 
against laboratory column data and validated against the pilot data, the model could predict heap 
performance reasonably well, allowing optimisation of operating conditions so to significantly 
increase leach rates. However, the process was not developed beyond the pilot stage. 
A novel sequential heap leach process of PGMs 
A novel sequential heap leach process, consisting of a first stage bioleach followed by a cyanide 
leach step is a potential alternative route to process platinum group metal (PGM) containing 
Platreef ore directly, circumventing the energy intensive steps of milling, floating, smelting and 
pressure leaching (Mwase <I>et al.,</I> 2014). Testing this process was performed on crushed 
whole ore, after initial experiments conducted on low-grade Platreef flotation concentrate 
achieved promising results (Mwase <I>et al.,</I> 2012). Two samples of drill core Platreef ore 
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with size distributions of −25 mm +1 mm and −6 mm +1 mm were first bioleached in cylindrical 
columns, to simulate heap leaching, at 65 °C and then leached with cyanide solution at 50 °C in 
cylindrical columns. Overall the best results were achieved from the tests on the −6 mm +1 mm 
size fraction sample. After 304 days 93% Cu, 75% Ni and 53% Co were extracted in the bioleach 
experiment, and after 60 days 57.8% Pt, 99.7% Pd and 90.3% Au in the follow-up cyanide leach 
experiment. Analysis using a mineral liberation analyser suggested that Pt and Pd were leached 
mostly from the tellurides, while the Pt arsenides appeared resistant to cyanide leaching. The 
extractions of base metals and PGMs achieved in this study, albeit comparatively low, 
potentially still represent an economically viable route, considering that a coarse ore heap leach 
would offer substantial savings in capital and operating costs by eliminating the milling, flotation 
and smelting steps of the conventional process. 
It has been shown that PGM cyanidation occurs in the same manner as that of gold. Pt(II) and 
Pd(II) form stable complexes with cyanide, for example 
[Pt(CN)<SUB>4</SUB>]<sup>2−</sup> and [Pd(CN)<SUB>4</SUB>]<sup>2−</sup>. As in 
the case of gold, the reactions for PGMs can take place at ambient conditions, but generally show 
poor extraction levels (Mwase <I>et al</I>., 2012; Barter, 2001; Schouwstra and Kinloch, 2000; 
MacPhail <I>et al</I>., 1998; Torres and Costa, 1997; McInnes <I>et al</I>., 1994). High 
cyanide concentrations (>1 g/L) are usually required as compared to those used in gold leaching 
(around 0.25 g/L; Chamberlain and Pojar, 1984). In gold leaching such high cyanide 
concentrations are used when leaching less cyanide-soluble gold tellurides and arsenides, and 
when there is above 0.5% copper in the ore (Marsden and House, 2006; Adams, 2003). 
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Heap leaching of electronic scrap 
Hydrometallurgical processing routes for the recovery of value metals from electronic scrap with 
economic and ecological value generation (Cui and Zhang, 2008), mostly through bioleaching 
(Ilyas <I>et al.,</I> 2013), have shown interesting results and heap leach type processes would 
be a potential future direction for the recovery of metals from such materials. Due to the 
relatively low volumes of such waste materials, which are relatively high-grade, and the need to 
produce a benign residue, more intense leaching processes, such as tank leaching are probably a 
more efficient route to follow. However, a systematic study of heap leaching of electronic scrap 
and possible use of the plastics and other materials associated with the metals in electronic waste 
remains outstanding. 
Heap Modelling and Control 
In order to fully realize the potential of heap leaching, a holistic model is required that accounts 
for as many of the complex micro- and macro-scale processes and their interactions as possible. 
One of the key difficulties in modelling heaps has been the lack of descriptive information in 
terms of heap behaviour during full-scale operation. Heap leaching is a fundamentally dynamic 
process and requires a plant-wide dynamic model to effectively simulate process behaviour. 
Many mathematical models and computer codes are available today to describe transport 
phenomena throughout heaps or dumps, but there are relatively few applications used in the 
design process and project engineering and operational optimization of existing plants. Over the 
past 40 years considerable progress has been made to develop predictive models of a generic 
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nature to facilitate heap design and control (Bennett<I> et al</I>., 2012; Leahy <I>et al</I>., 
2007; Ogbonna <I>et al</I>., 2006; Dixon and Petersen, 2003; Sidborn <I>et al</I>., 2003; 
Pantelis <I>et al</I>., 2002; Dixon, 2000). Most of the early heap leaching models dealt with 
leaching at the particle scale (Sánchez-Chacón and Lapidus, 1997; Bartlett, 1992; Pantelis and 
Ritchie, 1991; Davis and Ritchie, 1987; Prosser and Box, 1986; Shafer <I>et al</I>., 1979; 
Braun <I>et al</I>., 1974; Roman and Olsen, 1974). More recent heap leaching models 
emphasize the effects of bulk scale phenomena, such as liquid flow, gas flow, and temperature 
distribution, on heap performance (Ilankoon and  Neethling,  2013; Mellado <I>et al</I>., 2012; 
Leahy <I>et al</I>., 2007; Ogbonna <I>et al</I>., 2006; Liu <I>et al</I>., 2004; Lizama, 2004; 
Sidborn <I>et al</I>., 2003; Dixon and Petersen, 2003; Petersen and Dixon, 2002a,b; Pantelis 
<I>et al</I>., 2002; Bouffard and Dixon, 2001; Dixon, 2000; Moreno <I>et al</I>., 1999). 
Although both particle-scale and bulk-scale effects are important in heap bioleaching, little has 
been done to integrate systematically particle scale models into bulk scale models. Most existing 
bulk scale models account for the effect of particle topology using simplified models such as the 
shrinking core model, applied to an average particle size. Implicit in this is an assumption 
regarding the relative significance of particle scale phenomena, and which process (diffusion or 
reaction kinetics) is limiting at the particle scale. A conventional shrinking core approach would 
work only for ore particles of a particular size class that are homogeneously porous and have 
mineral grains well distributed throughout (Liddell, 2005; Velardo <I>et al</I>., 2002; Vegliò 
<I>et al</I>., 2001). Furthermore, the overall rate at which a mineral is dissolved from an ore 
particle is quite often the manifestation of a complex network of individual phenomena, each 
proceeding at its own intrinsic rate (Ghorbani et al 2013a,2013c; van Buuren, 2003). 
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New control and modelling tools and techniques in heap leaching have provided the possibility 
of having the means to monitor some key parameters such as temperature, irrigation, aeration, 
solution pattern; microbial populations and mineralogy in heap operations at different scales. 
These could ensure compliance of a leaching operation as it was designed, take control of 
management through reporting and early warning of deviations; provide a database of the 
operation history for later analysis and simulation; contribute to the safety of the operation by 
minimizing the presence of the operators. Given the complexity of the heap process, such control 
interventions in general have to rely on the support of a sufficiently rigorous process model. 
Temperature control 
For certain thermophilic micro-organisms, especially in the context of chalcopyrite bioleaching, 
high temperatures are essential. Since heap leach performance depends on parameters that cannot 
all be mathematically modelled or predicted with confidence, it is vital to verify experimentally 
whether high temperatures can indeed be achieved on a given ore type, and to optimise the 
conditions required for achieving and maintaining elevated temperature, prior to finalising the 
design of a heap leach plant. As is mentioned in section 4.3.3, the HotHeap™ technology, which 
is based on the heat model developed by Dixon (2000), automatically balances the two bulk 
transport processes (water and gas) to maximize the accumulation of heat within the heap and 
thus has the potential to achieve effective control in the context of heap bioleaching. 
A device has been patented by Petersen and Dann (2010) for measuring fluid flow within a heap 
using a heat stimulus. It consists of a processor and a number of sensor units buried in the heap, 
each unit having a heat source with at least one heat sensor located at a certain distance above 
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and below the heater. The rate at which a heat pulse travels to the sensors allows deductions of 
the principal rate of fluid flow in the vicinity of the sensor. 
Monitoring probes have been developed at Mintek for measuring multiple process variables 
including heat at various depths and locations in the heap. The HeapStar® heap leach 
administrative and guidance system was developed at Mintek (to assist operators in keeping 
track of the frequent interventions required particularly on a multiple cells heap with each at a 
different stage of operation; Gericke.<I>et al</I>., 2011). 
One of the prerequisites for heat accumulation is the ‘active’ thermal insulation provided inside a 
massive heap by the exothermically reacting ore. To reproduce those conditions would require 
large scale and very costly piloting, unless a specially devised smaller scale experiment could be 
set up to simulate it, which is what the Mintek SmartColumn™ and/or BHP Billiton SimCol™ 
concept (van Staden, 2008) for simulating the environment at the centre of a heap is meant to do. 
It facilitates direct experimental observation of the development of the temperature profile, 
starting from ambient to the maximum that will be achieved during the operation of a heap under 
a selected set of operating parameters. This column patented by BHP Billiton SA Ltd. (van 
Buuren, 2003) and was used to conduct experiments on two ore samples of about 7 tonnes each 
at Mintek (Dew <I>et al</I>., 2011). The Simulation Column (SimCol™) is a novel pilot scale 
(six metres or ten metres in length and one metre in diameter) leach column where heat 
generation results from mineral sulphide oxidation only and not from applied external heating, 
which allows the simulation of the temperature profile of a column of ore in a commercial heap 
(Petersen <I>et al</I>., 2011). BHP Billiton-Base Metals has developed a mechanistic process 
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model to define design criteria for a commercial heap using input data derived from the results of 
SimCol™ tests. The temperature of the ore in the Simulation Column is measured throughout its 
length at points close to the column side walls and towards the centre of the ore column, using 
high accuracy RTD (Resistance Temperature Detector) probes. The application of the Simulation 
Column was demonstrated, showing that self-generation of heat from bioleaching of pyrite 
contained in the ore may be managed to sustain high operating temperatures, and with average 
temperatures of 70<sup>o</sup>C being achieved (van Buuren, 2003). 
6.1 <B>Rinse-rest irrigation for heap wetting</B> 
Rinse-rest cycles alter the flow rate of solution, and the level of saturation in the flowing 
channels and possibly elsewhere. As is discussed in section 4.3.1.2, the term ‘Rest Periods’ 
refers to the practice of periodically interrupting the supply of irrigation liquor for any length of 
time, before resuming irrigation. It is fairly widely accepted as a potentially useful operational 
variable in heap leaching, but possibly not equally widely applied as a standard practice and not 
fully exploited for its potential benefits, and the effects of rest periods on the fluid flow dynamics 
and transport phenomena in a heap have certainly not been fully described. The most obvious 
process parameters that can be manipulated by the use of rest periods are, namely (Guzman, 
2011; Watling , 2006; van Staden, 2007a; Burgmayer, 2002): 
• Control of the soluble metal content in the heap drainage solution. It has been found that, 
when the soluble metal concentration in the drainage from a heap reaches an uneconomically low 
level, leaching in the heap will continue for some time during a rest period, and after resuming 
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irrigation the heap will once again yield an economic soluble metal tenor for some time. In this 
manner the useful economic life of a heap can be extended. 
• Improved aeration: oxygen uptake measurements during heap bioleaching laboratory 
experiments have shown that the uptake of oxygen rises during rest periods, signifying increased 
bacterial activity. This phenomenon is probably related to the creation of voids during the 
drainage of liquor from the heap during the rest periods, and is obviously very relevant to all 
heap leaching applications that rely on bacterial action (van Staden and Vercuil, 2005). 
• To manage precipitation reactions: since the liquor content in a heap diminishes during a 
rest period, while the leaching reactions do not cease to proceed, conditions of super-saturation 
can develop, thereby encouraging precipitation reactions in the heap. This mechanism could 
therefore be employed to exert a certain extent of control over the rate of precipitation in the 
heap, so to ensure gradual precipitation as opposed to having a catastrophic precipitation event 
after an extended period of dissolved salt build-up, which is likely to block solution pathways. 
Once the mineralogical, chemical and leaching characteristics of an ore are known, a preliminary 
rinse-rest period approach can be formulated, but its efficacy needs to be verified by closely 
monitored experimental trials.  Irrigation needs to have maximum flows during the initial mass 
transfer limited phase and minimum flows to rinse the copper out during the chemical rate 
limited phase. In the leaching of oxide ores, the mass transfer and contact between the reactants 
(leach reagent and ore minerals) govern practically the entire process, whereas the leaching of 
sulphide ores also requires effective supply of oxygen (Watling <I>et al</I>., 2009). 
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The leach pad is a large area that traditionally requires the presence of operators for the control 
and monitoring of irrigation. The intelligent monitoring and automatic control of leaching 
through <I>in situ</I> measurement of key hydrometallurgical parameters in near real time have 
been developed, tested and successfully implemented both at the pilot and industrial scales 
(Schlumberger, 2015; Biohydro, 2014). These methods revolve around temperature, induction 
and distributed resistivity, volumetric moisture, and saturation and enhance understanding of 
heap leaching efficiency and completeness to increase production and prevent catastrophic losses 
and slope failures. 
Aeration control 
High air flow rates generally affect microbial activity and hence heat generation favourably (du 
Plessis <I>et al</I>. 2007). The modelling work by Dixon (2000) has shown that the most 
effective means of achieving a high degree of heat conservation within a sulphide heap in a high 
altitude desert climate is to blow air into the heap above a certain critical rate while maintaining 
a relatively low rate of solution irrigation. Any other means of conserving heat (such as heat 
shields, section 4.3.6) are only effective when this key criterion is met, and in most cases, the 
additional effect is minimal and probably would not justify the expense. Another important 
consideration is that the air flow rate needs to be high enough to prevent oxygen and carbon 
dioxide limitation at the top of the heap, as these gases are consumed as the air passes upwards. 
Work by Ojumu et al. (2008b) has shown that, given typical carbon uptake rates by bioleaching 
micro-organisms, CO<SUB>2</SUB> is in fact the much more limiting reagent than oxygen. 
Petersen <I>et al.</I> (2010, 2011) further show that an active heap bioleaching operation run 
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on a porphyry copper ore in a 6m column ran out of CO<SUB>2</SUB> in the lower parts, 
retarding microbial activity in the upper parts. Only enrichment with CO<SUB>2</SUB> could 
overcome that problem. Although CO<SUB>2</SUB> generation from the acid dissolution of 
carbonates in the ore was evident, this continued only for a short period of time, where after the 
column became net CO<SUB>2</SUB> consuming. 
Poor permeability of ore beds can make aeration difficult and hence more expensive. Higher 
permeability tend to be found at the base of heaps due to the ore segregation that occurs during 
construction, so good air penetration, both vertically and laterally, results from aeration at the 
bottom of the heaps. Bartlett (1998) suggests that the higher the heap, the larger the allowable 
distances between the aeration points should be, presumably as mixing will occur during the 
longer path, but it is worth to note that even with mixing in the upper parts, there may still be 
poorly aerated zones in the lower reaches of the heap with such wider spacing. Heap aeration can 
also be passive, in which case air is drawn into the heap with the flowing liquid (Rawlings <I>et 
al</I>. 2003), although forced aeration tends to be more common as it allows for more 
operational control. The Ohio Research Institute for Transportation and the Environment 
(ORITE) at Ohio University, USA, conducted a unique full-scale field load test to simulate the 
aeration pipe installations at a copper process operated in Chile (Sargand et al. 2013).  Load tests 
on two types of 249 mm diameter corrugated thermoplastic pipe products that are being used at 
the bottom of heap piles were conducted under in situ conditions with ore material packed 
around the pipes. The results indicated significant vertical deflection, affecting the performance 
of the aeration pipes. 
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Solution pattern simulation 
Despite the commercial achievements of heap leaching, there still is limited comprehension of 
the flow pattern within the heap. The liquid in heaps is affected by gravitational forces, surface 
tension and atmospheric pressure (Bartlett, 1998). Chemical engineering models that have been 
developed for trickle beds are often not suitable for heap leaching systems as they describe 
uniform particle size systems operated at comparatively higher flow rates (Bartlett, 1998). A 
variation of a classic Turner-structure approach to modelling packed bed chemical reactors was 
adopted by Bouffard and Dixon (2001) and later incorporated into the HeapSim simulation tool 
(Dixon and Petersen, 2003, 2004, 2007a, 2007b). This represents solute transport through the bed 
to be by advection through discrete channels and by diffusion transport through stagnant zones 
surrounding them. Although simplistic, this approach has been quite successful in the modelling 
of column leach data. 
A more suitable description of heap hydrology is the unsaturated zone hydrology theory, a theory 
that was originally developed for soils (Wu <I>et al</I>., 2009; Bouffard and West-Sells 2009; 
de Andrade Lima 2006; Bouffard and Dixon, 2001). It predicts the solution flow paths based on 
hydraulic conductivity of an ore which in turn is highly dependent on the pore size distribution 
and therefore on the aggregate or ore particle size distribution and placement, the solution 
application rates and methods and the degree of saturation (de Andrade Lima, 2006). To 
formulate these factors into models renders them extremely complex, however, especially 
considering the high degree of inhomogeneity typical of heap packing. 
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Most of the studies done on heap hydrology have adopted a macroscopic approach via analysis 
of heap feed and effluent and have focused primarily on the issue of preferential flow and on the 
development of models to predict heap hydrodynamics. A key shortfall of this approach is the 
lack of direct observation and hence validation of model assumptions. X-ray computed 
tomography (CT) has been applied to evaluate the evolution of the pore structure along the 
length of a column (Yang <I>et al</I>., 2008; Lin and Miller, 2005). X-ray CT however 
provides limited signal contrast between the air and liquid phases in the presence of 
comparatively high-density solids. In the context of bioleaching, X-ray radiation could also 
sterilise the column. 
Bouffard and West-Sells (2009) make note of a further method to study heap hydrology: 
electrical resistivity tomography (ERT). ERT was used to measure the moisture hold-up in test 
cells that had been embedded in a heap. ERT has been used by geotechnical consultants at 
Minera Escondida in Northern Chile, Cripple Creek heap in Colorado and at Phelps Dodge’s 
Tyron property in New Mexico (Bouffard and West-Sells, 2009). A possible disadvantage of 
ERT is that it requires there to be electrical contact between the electrode and solution, so 
isolated pockets of solution may not be detected. ERT resolution is also much coarser than that 
of other tomographic techniques such as X-ray CT and magnetic resonance imaging (MRI) 
(Stevenson <I>et al</I>. 2010). The application of MRI to heap leaching has the potential to 
provide additional measurement capability by acquiring 3-D images of the liquid in an ore-
packed column non-invasively as a leach progresses. It can readily differentiate between air and 
water, as signal is only detected from the water (Fagan et al., 2012). This technique is, however, 
limited to the small confines of a test column that can be fitted into a suitable MRI unit. 
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Dixon and Afewu (2011) present data from solution flow measurement through the ore bed in a 
large scale column using embedded tensiometers. Based on the simulation results using the 
comprehensive HeapSim-2D heap bioleaching model, it became clear that the hydrology of 
heaps under drip emitters can only be understood by modelling water flow and solute transport at 
the level of the individual drip emitter. It is also clear that hydrodynamic dispersion is key to the 
distribution of solutes away from the advection channels along the drip emitter axis, although 
Dixon and Afewu (2011) did indicate that this dispersion is significant only at high irrigation 
rates or very narrow dripper spacing, which are far from industrial practice. 
Some success has also been achieved with imaging solution flow by positron emission 
tomography (PET) scanning (Petersen, 2015). Early results indicate that solution flow within a 
relatively small column is extremely inhomogeneous and resembles more closely the channel 
and stagnant zone model proposed by Bouffard and Dixon (2001) rather than homogeneous 
solution flow fields implied by other transport models. 
Tracer tests can provide valuable insight into the residence time distribution (RTD) of heaps. 
This information is often used in conjunction with flow models to extract time-dependant 
hydrodynamic parameters such as axial dispersion, plug flow velocity and the rate of exchange 
of solutes between the stagnant and flowing liquid phases (Bouffard and West-Sells, 2009; de 
Andrade Lima, 2006). Tracer studies have been performed by Decker and Tyler (1999), Wu 
<I>et al</I>. (2007), Bartlett (1998) and Bouffard and West- Sells (2009) using NaCl or NaBr. 
Most of these studies were performed in columns, although Bouffard and West-Sells (2009) did 
column, crib and heap tests. The two most extensive tracer studies were performed by Bouffard 
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and Dixon (2001) and de Andrade Lima (2006). Bouffard and Dixon (2001) used a 
NaNO<SUB>3</SUB> tracer, whose concentration was measured by electrical conductivity, to 
evaluate hydrodynamic parameters and the effect that flow rate, agglomeration, binder addition, 
bed height and particle size distribution had on them. de Andrade Lima (2006) performed similar 
experiments, but used HCl as a tracer and measured pH to determine the effluent concentrations. 
Monitoring of microbial populations 
In the area of microbiology, the monitoring of microbial populations in heaps using a 
combination of molecular and culture-based techniques is now possible and can provide an 
assessment of how microbial populations change in response to temperature and other heap 
conditions, which is especially important when treating chalcopyrite. The development of new 
culture-independent molecular techniques, such as polymerase chain reaction (PCR), denaturing 
gradient gel electrophoresis (DGGE) and fluorescent in situ hybridization (FISH), to detect and 
quantify populations, is a significant advancement and is a valuable tool in accurately describing 
biodiversity and following changes over time of microbial consortia present in bioleaching 
systems (Remonsellez et al., 2007; Coram-Uliana et al., 2006; Watling, 2006; Demergasso et al., 
2005). These techniques do not, however, give an account of the viability of the organisms. 
Recently a method for the rapid assessment of active biomass in leach liquors based on the 
measurement of ATP concentration in test solutions was described (Okibe and Johnson, 2011), 
which could be a simple way of quantifying microbial activity. 
There have, however, been relatively few studies on the microbiology of heap leach systems and 
most of these have analysed the liquid phases i.e. pregnant leach solutions and raffinate (Gericke, 
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2011; Johnson, 2008; Demergasso et al., 2005; Johnson and Hallberg, 2005; Crundwell, 2003). 
Since the micro-organisms are not only present in the liquid fraction, but also attached to the ores 
surfaces, it is important to include the attached population when assessing the microbial 
composition within the heap (Soto<I> et al</I>., 2013; Chiume <I>et al</I>., 2012; Africa <I>et 
al</I>., 2010). Molecular techniques, such as quantitative PCR, which will allow the 
identification and quantification of microbes in heap bioleach processes, have been developed at 
Mintek (van Staden <I>et al</I>. 2009). It is envisaged that the ability to correlate microbial 
types and numbers to changes in the chemical and physical environment in the heap with time 
would assist in solving process issues such as how a heap should be inoculated, which microbial 
cultures to add and when to inoculate. It could potentially be a step towards optimizing rates, 
achieving faster start-up and better metal extractions. 
6.2 <B>Process mineralogy </B> 
Mineralogical characteristics are amongst the most important factors determining leachability, 
leach time, reagent consumption, insoluble losses, scale formation and equipment performance 
(Benvie, 2007; Pownceby <I>et al</I>., 2007; Baum, 1999). Despite the apparent operational 
simplicity, the coarse to very coarse nature of heap leach feeds produces a complex association 
of mineral species and mineral-pore spatial arrangements (texture) which impact on leaching 
outcomes. A thorough understanding of the mineralogical composition of the ore (in terms of 
both valuable minerals as well as gangue minerals), as well as the leach reaction kinetics and 
acid consumption under a range of operating conditions, is required to determine the optimal 
reagent strength specifications (especially in terms of acid). Insufficient attention to mineralogy 
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can lead to inadequate understanding of the reasons for variable ore performance and to much 
higher risks in plant design and commercial heap performance. This is discussed in more detail 
in sections 3.1 and 3.4. The differences in feed composition require different ore preparation 
procedures and especially ore blending for heap stacking. In recent years, automated mineralogy 
has become established as an essential enabling technology for the reliable acquisition of 
statistically sound comprehensive mineralogical and metallurgical data (Gottlieb, 2008; Mular, 
<I>et al</I>., 2005). This quantitative data is derived from images of the mineralogically 
classified ores or plant products in question. A large range of techniques is available for the 
acquisition of image data, and the ability of each of these systems to discriminate between 
mineral species varies widely (Benvie, 2007; Pownceby <I>et al</I>., 2007). Recent 
developments in X-ray CT as an advanced diagnostic and non-destructive technique have 
indicated the potential for the technology to become a tool for the acquisition of 3-D 
mineralogical and structural data in the large ore particles used in heap leaching operations 
(Cnudde and Boone, 2013; Golab <I>et al</I>., 2013; Dhawan, <I>et al</I>, 2012; Ghorbani 
<I>et al.,</I> 2011b, 2013c; Miller <I>et al</I>., 2003). 
Conclusion and Outlook 
Heap leaching has become a well-established technology choice for the treatment of low-grade 
ores over the past 50 years, enabling the economic exploitation of marginal deposits, often in 
remote locations in many parts of the world. Heap leaching has permitted many developing 
countries a first entry into the commodities market, paving the road for more sophisticated 
technology to follow. However, the focus has firmly remained on acid leaching of copper oxides, 
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uranium ores and cyanide leaching of gold ores. The oxidative leaching of secondary copper 
sulphides and refractory gold ores are the only other applications that have emerged at a 
significant scale since the late 80s, promoted by the realisation that leaching of these minerals is 
generally supported by natural bacterial oxidation. 
In terms of heap technology, oxidative leaching requires aeration of heaps through aeration pipes 
placed underneath the heap before it is stacked, or through managed rinse-rest cycling. 
Furthermore, due to the different time-scale at which they leach (over years rather than months), 
maintaining high heap permeability has become a critical focus of heap design and management. 
Heap compaction during stacking and operation can significantly inhibit homogeneous solution 
flow through the bed, compounded further by rock decrepitation upon long-term exposure to acid 
and secondary precipitation of leached metals in the interstitial pores. Therefore, preparing a 
carefully blended feed to stack heaps and operating its irrigation so to avoid flooding and 
channelling is critical. However, the relationship between particle size distribution, ore 
mineralogy, nature of packing, heap height and heap permeability remains poorly understood and 
hence difficult to manage effectively. The long leach times of oxidative processes are founded on 
the slow rate of oxygen uptake from air, and slow diffusion of solutes within the pores of larger 
rock particles and through stagnant zones within the packing. Both these aspects are 
compounded by the distribution of liquid and gas in the bed and thus directly linked to heap 
permeability. It is therefore postulated that the inability to maintain effective percolation through 
heaps over the longer term is the single biggest obstacle to broader uptake of this technology in 
the mining industry. 
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Many interventions have been proposed and implemented to improve the performance of heaps, 
and some of them address the core issue of heap permeability. These include ore agglomeration, 
certain stacking methods, low impact irrigation, pulse irrigation schemes, building shallow heaps 
etc., all which have contributed to an overall incremental improvement in extraction from heaps 
over the past 20 years. But there has not been a true breakthrough intervention that allows 
oxidative heap leaching to operate at the same time scale as laboratory columns indicate is 
possible in the absence of permeability constraints. It is particularly in this area where future 
development work in heap leach technology must focus, be it through further improvements in 
the blending and agglomeration of ore, stacking methods and heights, use of filler material to 
maintain macro porosity, irrigation schemes  or combinations of these. Mineralogical 
characteristics of the particular ore under consideration will need to be taken into account more 
systematically. Also, dedicated instrumentation to monitor gas and solution flow within heaps is 
still very limited and there is much scope for new technology to be developed. 
Once the obstacle of long leach times and slow extraction rates can be overcome, heap leaching 
offers significant potential for further innovation. Many new ideas for heap leach processes, 
whether based on different commodities (Zn, Ni, PGMs), or novel chemistry (use of thiosulphate 
for gold, ammonia for base metals, chloride or thermophile micro-organisms for chalcopyrite) 
appear feasible at the laboratory scale, but are likely to be hampered by the same dilemma of 
heap permeability at the industrial scale. 
Significant also for sulphide heap leaching is the auto-thermal nature of heaps, resulting in a self-
heating effect from the exothermic consumption of oxygen. Much work has been done in 
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understanding, modelling and controlling this effect for efficient operation at elevated 
temperatures, at which reaction rates are generally at their fastest, and at which thermophilic 
micro-organisms can thrive, which have shown a unique ability to assist in the dissolution of 
chalcopyrite. Effective heat control hinges, however, on good distribution of both gas and 
solution through the heap, and therefore again is linked to maintaining good heap permeability. 
Environmental concerns around heap leaching require critical discussion. On the one hand, heap 
leaching does represent a significant energy saving (and reduction of the associated carbon 
footprint) relative to conventional minerals processing by obviating the need for milling, but, on 
the other hand, the relatively uncontrolled flows of large solution inventories containing 
corrosive and toxic chemicals through sprinklers, heaps, drainage systems and ponds offers many 
opportunities for leakage and contamination if not carefully managed. Spent heaps present as 
much of an environmental legacy as tailings dams. Although there have been some studies 
evaluating the environmental footprint of various Cu processing routes, there is still no clear 
indication as to the relative merits or demerits of heap leaching, and further study is indicated. 
Incidentally, heap leach technology could also play a role in the low cost recovery of metals 
from secondary resources to reduce the need for primary mining, as has already been shown in 
the context of certain e-wastes. 
In conclusion then, it is likely heap leaching will remain the technology of choice for treating 
low-grade copper and gold ores in remote locations, but for it to become attractive for higher 
grades and different commodities, some significant improvements in achieving and maintaining 
good heap permeability for rapid and nearly complete extraction are still required.  Care needs to 
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be taken not to treat heap leaching as some sort of ‘primitive’ technology. For its optimal 
operation, fairly comprehensive knowledge of the ore and the mechanisms of heap leaching is 
required to understand and evaluate the impact of any particular intervention to improve 
performance. The failure to appreciate the complexity of heaps has resulted in many failed 
operations, historically and still at present. The long-term success of heap leaching as a 
technology choice requires a concerted high-level cross-disciplinary engineering approach from 
research and development to design to construction to operation to closure, as should be 
expected for the management of any modern technology. 
Acknowledgements 
The authors are grateful to Gavin Jones from Research Contracts and Intellectual Property 
Services (RCIPS), University of Cape Town, South Africa, for his support in giving us access to 
the international patent database. Financial support from the South Africa Research Chair 
Initiative (SARChI) Chair in Mineral Beneficiation, and a Research Niche Area (RNA) grant 
from the National Research Foundation (NRF) of South Africa are also acknowledged. 
References 
Abbruzzese C., Fornyari P., Massidda R., Veglio F., Ubaldini, S., 1995. Thiosulphate leaching 
for gold hydrometallurgy, Hydrometallurgy 39, 265-273. 
Acevedo, F., 2002. Present and future of bioleaching in developing countries. Electronic Journal 
of Biotechnology, 52-56. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
118 
Acevedo, F., Gentina, J.G., 1993. Bioleaching of minerals-a valid alternative for developing 
countries, Journal of Biotechnology 31, 115-123. 
Acosta, M., Galleguillos, P., Ghorbani, Y., Tapia, P., Contador, Y., Velásquez, A., Espoz, C., 
Pinilla, C., and Demergasso, C., 2014. Variation in microbial community from predominately 
mesophilic to thermotolerant and moderately thermophilic in an industrial copper heap 
bioleaching operation, Hydrometallurgy 150, 281-289. 
Adam, N.M., Scott, S.T. "Method for Agglomeration" A.U. Patent 09,900378. 2 February 2009. 
Adams, M.D. (Ed.), 2005. Advances in gold ore processing. : Developments in Mineral 
Processing. Mutis Liber Pty Ltd, Guildford, Western Australia. 
Adams, M.D., 2003. On-site gold refining of cyanide liquors by solvent extraction, Minerals 
Engineering 16, 369-373. 
Afewu, K.I., Dixon, D.G., 2008, Calibrating a 3D axisymmetric water and solute transport model 
for heap leaching, In Hydrometallurgy 2008, Proceedings of the Sixth International Symposium, 
(C.A. Young, P.R. Taylor, C.G. Anderson and Y. Choi, eds.), SME, Littleton, CO, pp. 1098–
1109. 
Africa, C.J., Harrison, S.T.L., Becker, M., Van Hille, R.P., 2010. In situ investigation and 
visualisation of microbial attachment and colonisation in a heap bioleach environment: the novel 
biofilm reactor. Miner. Eng. 23, 486-491. 
Agatzini-Leonardou, S., Tsakiridis, P.E., Oustadakis, P., Karidakis, T., Katsiapi, A., 2009. 
Hydrometallurgical process for the separation and recovery of nickel from sulphate heap leach 
liquor of nickeliferrous laterite ores, Minerals Engineering 22, 1181-1192. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
119 
Ahonen, L., Tuovinen, O.H., 1995. Bacterial leaching of complex sulphide ore samples in bench-
scale column reactors. Hydrometallurgy 37, 1-21. 
Ahonen, L., Tuovinen, O.H., 1990. Catalytic effects of silver in the microbiological leaching of 
finely ground chalcopyrite-containing ore materials in shake flasks. Hydrometallurgy 24, 219-
236. 
Alexander, J., Brueggemann, M., Cook, P., Todd, L.R., and Zhu, Y., 2013. Heap Leach Drainage 
Improvements, the first international heap leach solutions conference, September 22-25, 2013 
Vancouver-Canada. 
Allen J. S. "Tube connector for heap leach mining, drip tube percolation system, and method for 
connecting same" U.S. Patent 08,288,682. 10 August 1994. 
Alta, 2011. Heap Leaching and its application to copper, gold, uranium and nickel ores, Short 
course notes, Alta metallurgical services, Perth, Australia, May-28. 
Amaratunga, L. M., 1995. Cold-bond agglomeration of reactive pyrronotite tailings for back fill 
using low cost binders: Gypsum β-hemihydrate and cement, Minerals Engineering 8, 1455-1465. 
Anderson, C. G., 2003. Treatment of copper ores and concentrates with industrial nitrogen 
species catalyzed pressure leaching and non- cyanide precious metals recovery, J. of Metals, 32-
36. 
Anthony, R., Purkiss, S. "Heap leaching base metals from laterite ores" A.U. Patent 02,951754. 1 
October 2002. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
120 
Antonijevic, M.M., Bogdanovic, G.D., 2004. Investigation of the leaching of chalcopyritic ore in 
acidic solutions, Hydrometallurgy 73, 245-56. 
Argun. M.E., Dursun, S., Ozdemir, C., Karatas, M., 2007. Heavy metal adsorption by modified 
oak sawdust: Thermodynamics and kinetics, Journal of Hazardous Materials 141, 77-85. 
Arias, J. A. "Heap leaching copper ore using sodium nitrate" U.S. Patent 09,024413. 17 February 
1998. 
Arnold, J.R., and Pennstrom, W.J., 1988. Effects of wetting agents on heap leaching at gold 
fields. Preprint-Society of Mining Engineers of AIME For Presentation at the SME annual 
Meeting, Phoenix, AZ, USA, 1988. 
Aroca, F., Backit, A., and Jacob, J., 2012. CuproChlor®, a hydrometallurgical technology for 
mineral sulphides leaching, Proceedings of the 4th International Seminar on Process 
Hydrometallurgy, Editors, Casas, J.M., Frías, S.,C., Ciminelli, V.S.T., Montes-Atenas, G., 
Stubina, N., 11-13 july 2012, Santiago, Chile, 96-108. 
Asian Miner News, 2008, available from: http://www.asiaminer.com/news/archive/72-
2008/november-2008/1128-china--promising-samples-from-bioheap-pilot-
plant.html#.VP2Q9_mG9Zk. 
Aslam, K.M., Aslam, M., 1970. Bacteria aided water leaching of uranium ores. Nucleus 
(Karachi) 7 (1-2), 28-36. 
Augustin, C., Winkel, R., Castro, A., López, C., Nienhaus, K., 2012. Stacker, reclaimer remote 
control and semi-automation for leach pad operations, Proceedings of the 4th International 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
121 
Seminar on Process Hydrometallurgy, Editors, Casas, J.M., Frías, S.,C., Ciminelli, V.S.T., 
Montes-Atenas, G., Stubina, N., 11-13 july 2012, Santiago, Chile, 390-403. 
Aydogan, S., Ucar, G., Canbazoglu, M., 2006. Dissolution kinetics of chalcopyrite in acidic 
potassium dichromate solution, Hydrometallurgy 81, 45-51. 
Aylmore, M.G., 2001. Treatment of a refractory gold-copper sulphide concentrate by copper 
ammoniacal thiosulphate leaching. Miner. Eng. 14 (6), 615-637. 
Badilla, S.J., Haussmann, F.J., 2013. Recovery improvements in copper heap leaching by using 
EMEW®Technology, Proceedings of Copper 2013 Santiago, Chile, Hydrometallurgy Editor 
Ugarte, G., A Publication of The Chilean Institute of Mining Engineers, (IIMCH). 
Balashov, S. 2012. Alexander Mining secures processing technology patent in DRC. United 
Kingdom: Proactive Investors. 
Barter, J., 2001. Cyanide Management by SART. Cyanide: Social, Industrial, and Economic 
Aspects, edited by C. Young. TMS (Minerals, Metals & Materials Society), 2001. pp 549-562. 
Bartlett, R.W., 1992. Simulation of ore heap leaching using deterministic models, 
Hydrometallurgy 29, 231-243. 
Bartlett, R.W., 1998. Solution mining, Leaching and fluid recovery of materials, second edition, 
Gordon and Breach science publishers, ISBN 90-5699-633-9. 
Bartlett, R.W., Prisbrey, K. A., 1996. Convection and diffusion limited aeration during 
biooxidation of shallow ore heaps, Int. J. Miner. Process 47, 75-91. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
122 
Basson, P., Muller E. L., Nicol M. J. "Chloride heap leaching" W.O.07, 134343 A2. 12 May 
2006. 
Basson, P., Muller, E., Nicol, M., 2010. Enhanced Leaching of Chalcopyrite at Low Potentials in 
Chloride Solutions 3. Ores- Copper 2010 at Hamburg, Germany, Proceedings of Copper 2010, 
Volume 5, 1771-1782. 
Batterham, R. J. "Microwave treatment of ores" A.U. Patent 273402. 31 May 2002. 
Batty, D.J. "Integrated, tank/heap biooxidation process for the lixiviation of sulphide ores" 
P.C.T. Patent 98,000969. 16 May 1997. 
Batty, J. de K., Norton, A., "Heat transfer in heap leaching of sulphide ores" U. S. Patent 
Application 03,167,879. 11 September 2003 
Baum, W., 1996. Optimizing copper leaching/SX-EW operations with mineralogical data, for 
presentation at the SME Annual Meeting, Phoenix, Arizona-march 11-14, 1996. 
Baum, W., 1999. The use of a mineralogical database for production forecasting and 
troubleshooting in copper leach operations. In: Proceedings of the Copper 99, International 
Conference. Hydrometallurgy of Copper, vol. IV, October 10-13, Phoenix, Arizona, USA, 393-
408. 
Baum, W., Ausburn, K., 2011. HPGR comminution for optimization of copper leaching, 
Minerals and Metallurgical Processing 28(2), 77-81. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
123 
Bennett, C.R., McBride, D., Cross, M., Gebhardt J.E., 2012. A comprehensive model for copper 
sulphide heap leaching: Part 1 Basic formulation and validation through column test simulation 
Original Research Article, Hydrometallurgy (127-128), 150-161. 
Benvie, B., 2007. Mineralogical imaging of kimberlites using SEM-based techniques, Minerals 
Engineering 20, 435-443. 
Bernard G. M and Kelly R. R. "Heap leach stacking process" U.S. Patent 09,112979. 9 July 
1998. 
Bernard, G.M. "Method for multiple lift stacking using mobile conveyor system" U.S. Patent 
1,0058,949. 28 January 2002. 
Betty, J.D.K. "Heat transfer in heap leaching of sulphide ores" Z.A. Patent 2000,5462. 6 October 
2000. 
Bhakta, P., 2003. Ammonium thiosulphate heap leaching, hydrometallurgy 2003-Fifth 
international conference in Honor of professor Ian Ritchie-vol. 1: Leaching and solution 
purification, Edited by C.A. Young, A.M. Alfantazi, C.G. Anderson, D.B.Dreisinger, B. Harris 
and a. James TMS (The Minerals, Metals & Materials Society), 259-267. 
Biohydro, 2014, available from: http://biohydro.cl/en/ 
Biosigma, 2014, available from: http://www.biosigma.cl/en 
Blight, K.R. and Ralph, D.E., 2004. Effect of ionic strength on iron oxidation with batch cultures 
of chemolithptrophic bacterial, Hydrometallurgy 73, 325-334. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
124 
Bodine, A. G. "Sonic method and apparatus for heap leaching" U.S. Patent 06,874535. 16 June 
1986. 
Bolinski, L. and Shirley, J., 1996, Russian resin-in-pulp technology, current status and 
recentdevelopments. In Proceedings of the Randol Gold Forum 96, Squaw Creek, CA, USA, 
April 21-24, Randol International, pp. 419-423. 
Bonin, J. L., Gross, A. E. "Anionic acrylamide polymers as copper ore agglomeration aids" U.S. 
Patent 07,267134. 4 November 1988. 
Bouffard, S. C., 2005. Review of agglomeration practice and fundamentals in heap leaching. 
Mineral Processing & Extractive Metallurgy Review 26, 233-294. 
Bouffard, S. C., 2008. Agglomeration for heap leaching: Equipment design, agglomerate quality 
control, and impact on the heap leaching process. Minerals Engineering 21, 1115-1125. 
Bouffard, S.C. and Dixon, D.G., 2001. Investigative study into the hydrodynamics of heap 
leaching processes. Metallurgical and Materials Transactions B. 32, 763-76 
Bouffard, S.C. and Dixon, D.G., 2002. On the rate-limiting steps of pyritic refractory gold ore 
heap leaching: results from small and large column tests, Minerals Engineering 15, 11, 859-870. 
Bouffard, S.C., West-Sells, P.G., 2009. Hydrodynamic behaviour of heap leach piles: Influence 
of testing scale and material properties, Hydrometallurgy 98, 136-142. 
Braun, R. L., Lewis, A. E. and Wadsworth, M. E., 1974. In-place leaching of primary sulphide 
ores: Laboratory leaching data and kinetics model. Metallurgical and Materials Transactions B. 
5, 1717-1726. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
125 
Bray, K., Grkinic, M., May, C., "Geomembrane" U.S. Patent 06,0105163 A1. 17 November 
2004. 
Breitenbach, A. J. and Smith M. E., 2007. Geomembrane raincoat liners in the mining heap leach 
industry, Geosynthetics 25 (2), 32-39. 
Breitenbach, A. J. and Smith, M. E., 2006. Overview of geomembrane history in the mining 
industry, Proceedings of the 8th Bi-annual meeting of the International Geosynthetics Society 
(IGS), Japan, September. 
Breitenbach, A.J., 2004. Improvem ent in Slope Stability Performance of Lined Heap Leach Pads 
from Operation to C losure,” Ge otechnical Fabrics Report Mag azine (GFR), Industrial Fabrics 
Association International (IFAI), Minnesota, Vol. 22, No. 1, 18 to 25. 
Breitenbach, A.J., Joel A. Carrasco, J.A., 2013. The Good, the Bad and the Ugly Lessons 
Learned in the Design and Construction of Heap Leach Pads-Part 2, The first international heap 
leach solutions conference, September 22-25, 2013 Vancouver-Canada. 
Brierley, C.I., Briggs, A.P., 2002. Selection and sizing of biooxidation equipment and circuits. In 
Mular, A.L., Halbe, D.N. & Barratt, D.J., eds. Mineral Processing Plant Design, Practice, and 
Control Proceedings Volume 1. Littleton, USA, 2002. Society for Mining Metallurgy & 
Exploration. 
Brierley, C.L., 2008. How will biomining be applied in future? Transactions of Nonferrous 
Metals Society of China 18, 1302-1316. 
Brierley, J. A., Hill, D. L. "Biooxidation process for recovery of gold from heaps of low-grade 
sulphidic and carbonaceous sulphidic ore materials" U.S. Patent 07,778521. 10 July 1991. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
126 
Brierley, J.A., 1997. Heap leaching of gold-bearing deposits: theory and operational description, 
Chapter 5 of Biomining: Theory, Microbes and Industrial Processes, Rawlings, D. E. (Ed.), 
jointly published with Landes Bioscience, Georgetown, USA. 
Brierley, J.A., Brierley, C.L., 2001. Present and future commercial applications of 
biohydrometallurgy. Hydrometallurgy 59, 233-239. 
Brierley, J.A., Wan, R.Y., Hill, D.L. and Logan, T.C., 1995. Biooxidation heap pre-treatment 
technology for processing lower grade refractory gold ores, proceedings of the International 
Biohydrometallurgy Symposium, Vina del Mar, Chile, Nov. 1995, 19-22. 
Brown, S. L. "Adjustable emitter for heap leach mining percolation system and method" U.S. 
Patent 07,261919. 24 October 1988. 
Browner, R.E., Strickland, R.J., 1992. Modification of Heap Leach Characteristics with a 
Wetting Agent or a Flocculation Agent. Extractive Metallurgy of Gold and Base Metals, 
Kalgoorlie, Australia, October 26-28, 143-146. 
Brusseau, M.L., Rao, P.S.C., 1990. Modeling solute transport in structured soils: a review, 
Geoderma 46(1-3), 169-192. 
Bruynesteyn, A., 1983. The biological aspects of heap and in-place leaching of uranium ores. In: 
Proceedings of the 6th Annual Uranium Seminar. SME-AIME, New York, pp. 59-65. 
Burchardt, E., Patzelt, N., Knecht, J., Klymowsky, R., 2010. HPGRs in Copper Ore 
Comminution-A Technology Broke Barriers, Copper 2010 at Hamburg, Germany, Proceedings 
of Copper 2010, Volume 5, 2621-2636. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
127 
Burgmayer, P. "Drainage aid for metal heap leaching" U.S. Patent 10,120752. 11 April 2002. 
Cabrera, G., Gomez, J.M. and Cantero, D., 2005. Influence of heavy metals on growth and 
ferrous sulphate oxidation by Acidithiobacillus ferrooxidans in pure and mixed cultures. Process 
Biochemistry 40, 2683-2687. 
Caceres, O., 2013. Lessons Learned in Heap Leaching Technology Implementation, The first 
international heap leach solutions conference, September 22-25, 2013 Vancouver-Canada. 
Cao, C., Hu, J., Gong, Q., 1992. Leaching of gold by low concentration thiosulphate solution. 
Randol Gold Forum, Vancouver 92, Randoi International, Colorado, USA, 1992, 293-298. 
Cariaga, E., Conchac, F. and Sepúlveda, M., 2005. Flow through porous media with applications 
to heap leaching of copper ores. Chemical Engineering Journal 111, 151-164. 
Carlsson, E. and Büchel, G., 2005. Screening of residual contamination at a former uranium heap 
leaching site, Thuringia, Germany. Chemie der Erde-Geochemistry 65, 75-95. 
Caro, C., Ekenes, M., 2012. Application of the engineered heap process at Freeport- McMoRan 
leaching Operations, Proceedings of the 4th International Seminar on Process Hydrometallurgy, 
Editors, Casas, J.M., Frías, S.,C., Ciminelli, V.S.T., Montes-Atenas, G., Stubina, N., 11-13 july 
2012, Santiago, Chile. 26-40. 
Carter, A. J. "Column reactor for testing and evaluating refractory ores" U.S. Patent 09,578868. 
28 May 1999. 
Castillo, D. I. "Heap or Dump Leaching System Having an Air Distributor" A.U. Patent 
PR885101. 13 November 2001. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
128 
Castillo, D. I., Smithson, E.P. "Air distributor for a bioleaching system" US. Patent 7314066 B2, 
13 November, 2001 
Chadwick, J., 2007. Copper recovery, World Copper, August, International Mining, 23-30. 
Chamberlain, P.G., Pojar, M.G., 1984. Gold and silver leaching practices in the United States. 
Bureau of Mines Information Circular/1984, United States Department of the Interior IC 8969. 
Chamberlin, P.D., 1980. Heap leaching and pilot testing of gold and silver ores, Nevada Bureau 
of Mines & Geology, Report 36, papers given at the Precious-Metals Symposium, Sparks, 
Nevada, November 17-19, 77-83. Chem. 118, 305-316. 
Chamberlin, P.D., 1989. Status of heap, dump, and in-situ leaching of gold and silver, in: gold 
forum on technology and practices - 'world gold '89', chapter 26 - processing I: heap, dump, and 
in-situ leaching, 225-232. 
Chilean Copper Commission (COCHILCO), 2014 available from: http://www.cochilco.cl/ 
Chiume, R., Minnaar, S.H., Ngoma, I.E., Bryan, C.G., Harrison, S.T.L., 2012. Microbial 
colonisation in heaps for mineral bioleaching and the influence of irrigation rate, Minerals 
Engineering 39, 156-164.Cifuentes, R. A. "Heap leach agglomeration/percolation extraction aids 
for enhanced gold and silver recovery" U.S. Patent 09,090512. 4 June 1998. 
CIM, 2014, available from: https://www.cim.org/en/Publications-and-Technical-
Resources/Publications/CIM-Magazine/February-2013/upfront/Thiosulphate-going-
commercial.aspx 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
129 
Clayton, B. R. "Hydrometallurgical process for the recovery of precious metal values from 
precious metal ores with thiosulphate lixiviant" U.S. Patent 93,008756. 28 July 1993. 
Cnudde, V., Boone, M.N., 2013. High-resolution X-ray computed tomography in geosciences: A 
review of the current technology and applications Earth-Science Reviews 123, 1-17. 
Coram-Uliana, N.J., van Hille, R.P., Kohr, W.J., and Harrison, S.T.L. 2006. Development of a 
method to assay the microbial population in heap bioleaching operations, Hydrometallurgy 83, 
237-244. 
Córdoba, E.M., Munoz, H.J.A., Blazquez, M.L., Gonzalez, F., and Ballester, A. 2008. Leaching 
of chalcopyrite with ferric iron. Part I: general aspects. Hydrometallurgy 93, 81-97. 
Crundwell, F.K. "Introduction of microorganisms in bio-assisted heap leaching operations" Z.A. 
Patent 2002,7439. 17 September 2002. 
Crundwell, F.K., 2003. How do bacteria interact with minerals? Hydrometallurgy 71, 75-81. 
Crundwell, K.F., Norton, E. A. "Heap leach process" I.B. Patent 03,004103. 17 September 2002. 
Cui, J., Zhang, L., 2008. Metallurgical recovery of metals from electronic waste: A review, 
Journal of Hazardous Materials 158, 28-256. 
Davis, G. B. and Ritchie, A. I. M., 1987. A model of oxidation in pyritic mine wastes: part 1 
equations and approximate solution. Applied mathematical modelling 11 (6), 417-422. 
Davis, J. M., Duyvesteyn, W.C. P., Liu, H. "Heap leaching of nickel containing ore with 
sulphuric acid" U.S. Patent 09,539063. 30 March 2000. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
130 
de Andrade Lima, L. R. P., 2006. Liquid axial dispersion and holdup in column leaching', 
Minerals Engineering 19(1), 37-47. 
de Andrade Lima, L.R.P.; Hodouin, D., 2006. Simulation Study of the Optimal Distribution of 
Cyanide in a Gold Leaching Circuit. Minerals Engineering 19, 1319-1327. 
de Kock, H.S., du Plessis, A.C. "Heap bioleaching process" Z.A. Patent 04,00466. 30 January 
2004 
Decker, D. L. and Tyler, S. W., 1999. Hydrodynamics and solute transport in heap leach mining' 
in Kosich, D. and Miller, G., eds., Closure, Remediation & Management of Precious Metals 
Heap Leach Facilities, Reno, Nevada: University of Nevada. 
Demergasso, C., Galleguillos, P., Escudero, L., Zepeda, V., Castillo, D., and Casamayor, E. 
2005. Molecular characterization of microbial populations in low-grade copper ore bioleaching 
test heap, Hydrometallurgy 80, 241-253. 
Deschênes, G., Lastra, R., Brown, J., Jin, S., May, O., Ghali, E., 2000. Effect of lead nitrate on 
cyanidation of gold ores: Progress on the study of the mechanisms. Minerals Engineering 3 3 
(12), 1263-1279. 
Deschênes, G., Lastra, R., Fulton, M., 2001. Effect of the mineralogy of sulphide-bearing gold 
ores on the performance of cyanidation and its control variables. Proceedings 33 rd Annual 
Meeting of Canadian Mineral Processors, 325-338, Ottawa, Canada. 
Deschênes, G., Rousseau, M., Tardif, J., Prudhomme, P.J.H., 1999. Effect of the composition of 
some sulphide minerals on cyanidation and use of lead nitrate and oxygen to alleviate their 
impact. Hydrometallurgy 50, 205-221. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
131 
Deveci, H., Jordan, M.A., Powell, N. & Alp, I., 2008. Effect of salinity and acidity on 
biooxidation activity of mesophilic and extremely thermophilic bacteria. Trans Nonferrous Metal 
Society China 18(3), 714-21. 
Dew, D., Minnaar, S. H., Steyn, J. W., "High Temperature Leaching Process" U.S. Patent 
11,0023662A1. 31 Octtober 2007. 
Dew, D.W., Rautenbach, G.F., Van hille, R.P., Davis-Belmar, C.S., Harvey, I.J., Truelove, J.S., 
2011. High temperature heap leaching of chalcopyrite: method of evaluation and process model 
validation. International Percolation Leaching Conference. Johannesburg, Southern African 
Institute of Mining and Metallurgy, 7-9 November. 
Dhawan, N., Safarzadeh, S., Miller, J. D., Moats, M. S., Rajamani, R. K., Lin, C.L., 2012. 
Recent advances in the application of X-ray computed tomography in the analysis of heap 
leaching systems, Minerals Engineering 35, 75-86. 
Dhawan, N., Safarzadeh, S., Miller, J.D., Moats, M. S., Rajamani, R. K., 2013. Crushed ore 
agglomeration and its control for heap leach operations, Minerals Engineering 41, 53-70. 
Dixon D.G. and Afewu, K. I., 2011. Mathematical modelling of heap leaching under drip 
irrigation, Percolation Leaching: Southern African Institute of Mining and Metallurgy 
Percolation Leaching: The status globally and in Southern Africa, South Africa, 81-96. 
Dixon, D.G., 2000. Analysis of heat conservation during copper sulphide heap leaching, 
Hydrometallurgy 58, 27-41. 
Dixon, D.G., Hendrix, J.L., 1993. Theoretical basis for variable order assumption in the kinetics 
of leaching of discrete grains. AICHE J. 39, 904-907. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
132 
Dixon, D.G., Petersen, J., 2003. Comprehensive Modelling Study of Chalcocite Column and 
Heap Bioleaching; in Copper-Volume VI: Hydrometallurgy of Copper (Book 2), P.A. Riveros, 
D. Dixon, D. Dreisinger, J. Menacho (eds.), CIM, Montreal, Canada, 493-516. 
Dixon, D.G., Petersen, J., 2004. Modelling the dynamics of heap bioleaching for process 
improvement and innovation. Hydro-Sulphides 2004: Intl. Colloquiumon Hydrometallurgical 
Processing of Copper Sulphides (Santiago). University of Chile, Santiago, 13-45. 
Domic, E. 2007. A review of the developments and current status of copper bioleaching 
operations. In: D.E. Rawlings and D.B Johnson [eds.]. Chile: 25 Years of Successful 
Commercial Implications, Biomining. Springer, New York p. 81 
Domic, E., 1984. Thin layer leaching practice: cost of operation and process requirements, J. 
Metals 36, 48-53. 
Dorey, R, van Zyl, D., Kiel, J., 1988. Overview; predevelopment aspects of heap leaching, 
Introduction to Evaluation, Design and Operation of Precious Metal Heap Leaching Projects, 
Chapter 1, 3-22. 
Dreisinger, D., Abed, N., 2002. A fundamental study of the reductive leaching of chalcopyrite 
using metallic iron part I: kinetic analysis, Hydrometallurgy 66, 37-57. 
du Plessis, C.A., Batty, J.D. & Dew, D.D., 2007. Commercial Applications of Thermophile 
Bioleaching. In D.E. Rawlings & D.B. Johnson, eds. Biomining. 1st ed. Heidelberg: Springer. 
77-80. 
du Plessis, C.A., de Kock, S.H., "Heap bioleaching process" WO 5,073414. 11 August 2005. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
133 
Duarte, A., Liu, H., Meihack, W., Ratchev, P.I. "Production of ferro-nickel or nickel matte by a 
combined hydrometallurgical and pyrometallurgical process" A.U. Patent 2005,001360.  17 
September 2004. 
Dunne, R., Levier, M., Acar, S., and Kappes, R., 2009. Keynote Address: Newmont’s 
contribution to gold technology. World Gold Conference 2009, The Southern African Institute of 
Mining and Metallurgy. 
Dutrizac, J.E. 1981. Ammoniacal percolation leaching of copper ores. Canadian metallurgy 
quarterly. 20(3):307-315. 
Dutrizac, J.E., 1992. The dissolution of chalcopyrite in ferric sulphate and ferric chloride media. 
Metallurgical Transactions. B, Process Metallurgy 12B, 371-378. 
Eksteen, J.J., Mwase, J.M., Petersen, J.P., 2012. "Energy efficient recovery of precious 
metalsand base metals". W.O. 12/114165 A1. 30 August2012. 
Eneroth, E.B. and Koch, C., 2004. Fe-hydroxysulphates from bacterial Fe<sup>2+</sup> 
oxidation. Hyperfine Interact, 156/157(1-4): 423-429. 
Ericksen, G.E., 1983. The Chilean nitrate deposits. Am. Sci. 71, 366-374. 
Estay, H., Arriagada, F. andBustos, S., 2010. Design, Development and Challenges of the SART 
Process, Proceedings of the 3rd International Workshop on Process Hydrometallurgy, Santiago, 
Chile, 11-13 August, Gecamin, Chile, 30-31. 
Estay, H., Becker, J., Carvajal, P. andArriagada, F., 2012. Predicting HCN gas generation in the 
SART process, Hydrometallurgy (113-114), 131-142. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
134 
Fagan, M.A., Sederman, .A.J., Johns, M., L., 2012. MR imaging of ore for heap bioleaching 
studies using pure phase encode acquisition methods, Journal of Magnetic Resonance 216, 121-
127. 
Farlas, L.L., Reghezza, I.A., Cruz, R.A., Menacho, L.l.J., and Zivkovic, D.Y., 1995. Acid 
Leaching of Copper Ores, Copper 95, Santiago, Chile, November 23-23. 
Feng, D., Van Deventer, J.S.J., 2002. Leaching behaviour of sulphides in ammoniacal 
thiosulphate systems, Hydrometallurgy 63, 189-200. 
Fleming, C.A., 1992. Hydrometallurgy of precious metals recovery. Hydrometallurgy 30, 127-
162. 
Fountain, G.F., Veloz, J., Dahlberg, H.R., Bilson, E.A., Process for recovery of copper, US 
Patent 4,032,330. 12 December 1977. 
Frank, A., Lee, F.L., Sierakowski, M.J. "Acid leaching of copper ore heap with fluoroaliphatic 
surfactant" U.S. Patent 07,774201. 10 October 1991. 
Franzmann, P.D., Haddad, C.M., Hawkes, R.B., Robertson, W.J., and Plumb, J.J., 2005. Effects 
of temperature on the rates of iron and sulphur oxidation by selected bioleaching Bacteria and 
Archaea: Application of the ratkowsky equation. Minerals Engineering 18, 1304-1314. 
Free, M. L., 2010. Predicting Leaching Solution Acid Consumption as a Function of pH in 
Copper Ore Leaching, 7th International Copper 2010-Cobre 2010 Conference at Hamburg, 
Germany, Proceedings of Copper 2010, Volume 7, 2711-2719. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
135 
Free, M. L., Jurovitzki, A., L., 2010. Predicting the Effects of Locked, Partially Locked, and 
Liberated Minerals in Copper Leaching, 7th International Copper 2010- Cobre 2010 Conference 
at Hamburg, Germany, Proceedings of Copper 2010, Volume 7, 2703-2710. 
Galbraith, S. G., Henderson, D. K., Miller, H. A., Plieger, P. G., Tasker, P. A., Smith, K. J. and 
West, L. C., 2003. Development of extractants to transport metal salts, Hydrometallurgy 2003-
Fifth International Conference in Honor of Professor Ian Ritchie-Volume 1: Leaching and 
Solution Purification, Edited by C.A. Young, A.M. Alfantazi, C.G. Anderson, D.B. Dreisinger, 
B. Harris and A. James, TMS (The Minerals, Metals & Materials Society. 
Gálvez, E.D., Moreno, L., Mellado, M. E., Ordóñez, J. L., Cisternas, L.A., 2012. Heap leaching 
of caliche minerals: Phenomenological and analytical models-Some comparisons, Minerals 
Engineering 33, 46-53. 
Garcia, A. J. and Jorgensen, M. K., 1997. Agglomeration and heap leach testing requirements for 
high clay ores. In: Randol Gold Forum ’97, Randol International Monterey, CA, 143-146. 
Garcia, O. and Silva, L.L., 1991. Differences in growth and iron oxidation among Thiobacillus 
ferrooxidans cultures in the presence of some toxic metals. Biotechnology Letters, 13: 567-570. 
Gary, G. C. "Multilayered coextruded geomembrane" U.S. Patent 07,753817. 3 September 1991. 
Gericke, M., 2011. Review on the role of microbiology in the design and operation of heap 
bioleaching processes, Percolation Leaching: Southern African Institute of Mining and 
Metallurgy Percolation Leaching: The status globally and in Southern Africa, South Africa, 165-
182. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
136 
Gericke, M., Muller, H.H., Neale, J.W., Norton, A.E., and Crundwell, F.K. 2005. Inoculation of 
heap-leaching operations. Proceedings of the 16th International Biohydrometallurgy Symposium 
2005, Cape Town, South Africa. 
Gericke, M., Muller, H.H., van Staden, P.J., Pinches, A., 2008. Development of a tank 
bioleaching process for the treatment of complex Cu-polymetallic concentrates, Hydrometallurgy 
94, 23-28. 
Gericke, M., Neale J.W., Van Staden, P. J., 2009. A Mintek perspective of the past 25 years in 
minerals bioleaching, J.S.Aftican Inst. Min. Met 109,  567-585. 
Gericke, M., Seyedbagheri, A., Neale, J., van Staden, P.J., 2011. advancements in the approach 
to research and design of heap bioleaching processes, the 19th International Biohydrometallurgy 
Symposium (IBS2011)., September 18-22, 2011, Changsha-China, Volume I, 698-705. 
Ghorbani, Y., Becker, M., Mainza, M., Franzidis, J-P., Petersen, J., 2011a. Large particle effects 
in chemical/biochemical heap leach processes-A review, Minerals Engineering 24, 1172-1184. 
Ghorbani, Y., Becker, M., Petersen, J., Morar, S. H., Mainza, A., Franzidis, J-P., 2011b. Use of 
X-ray computed tomography to investigate crack distribution and mineral dissemination in 
sphalerite ore particles, Minerals Engineering 24, 1249-1257. 
Ghorbani, Y., Petersen, J., Becker, M., Mainza, A.N., Franzidis, J-P., 2013a. Investigation and 
Modelling of the Progression of Zinc Leaching from Large Sphalerite Ore Particles, 
Hydrometallurgy (131-132), 8-23. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
137 
Ghorbani, Y., Mainza, A.N., Petersen, J., Becker, M., Franzidis, J-P., Kalala, J.T., 2013b. 
Investigation of particles with high crack density produced by HPGR and its effect on the 
redistribution of the particle size fraction, Minerals Engineering (43-44), 44-51. 
Ghorbani, Y., Becker, M., Petersen, J., Mainza, A.N., Franzidis, J-P, 2013c. Investigation of the 
effect of mineralogy as rate-limiting factors in large particle leaching, Minerals Engineering 5 , 
38-51. 
Golab, A. R. Ward,C.R., Permana, A., Lennox, P., Botha,P., 2013. High-resolution three-
dimensional imaging of coal using microfocus X-ray computed tomography, with special 
reference to modes of mineral occurrence, International Journal of Coal Geology 113, 97-108. 
Gong, Q., Hu, J. and Cao, C., 1993. Kinetics of gold leaching from sulphide gold concentrates 
with thiosulphate solution.  Transactions of the Nonferrous Metals Society of China 3(4). 30-36. 
Gottlieb, P., 2008. The revolutionary impact of automated mineralogy on mining and mineral 
processing. In: Wang Dian Zuo, Sun Chuan Yao, Wang Fu Liang, Zhang Li Cheng, Hang Long, 
(Eds.), The XXIV International Mineral Processing Congress, 165-174. 
Govender, E., Bryan, C.G., Harrison, S.T.L., 2013. Quantification of growth and colonisation of 
low-grade sulphidic ores by acidophilic chemoautotrophs using a novel experimental system, 
Minerals Engineering 48,108-115. 
Grosse, A.C., Dicinoski, G.W., Shaw, M.J., Haddad, P.R, 2003. leaching and recovery of gold 
using ammoniacal thiosulphate leach liquors (a review). Hydrometallurgy 69 (1-3), 1-21. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
138 
Gunson, A.J., Klein, B., Veiga, M., Dunbar, S., 2012. Reducing mine water re-quirements. J. 
Clean. Prod. 21, 71e82. http://www.coloradoefficiencyguide.com/recommendations/mining.htm 
(accessed 22.11.13). 
Guzman, A. "Hybrid irrigation system" U.S. Patent 12,263391. 31 January 2008. 
Guzman, A., 2011. Hydrodynamic properties of ore for leach, Percolation Leaching: Southern 
African Institute of Mining and Metallurgy Percolation Leaching: The status globally and in 
Southern Africa 2011, 10-29. 
Habashi, F., 2005a. A short history of hydrometallurgy, Hydrometallurgy 79, (1-2), 15-22. 
Habashi, F., 2005b. Gold-An historical introduction, Developments in Mineral Processing, 15, 
xxv-xlvii. 
Hackl, R.P. "Method for thiosulphate leaching of precious metal-containing materials" I.B. 
Patent 03,006475. 15 November 2002. 
Hackl, R.P., Dreisinger, D.B., Peters, E., King, J.A., 1995. Passivation of chalcopyrite during 
oxidative leaching in sulphate media. Hydrometallurgy 35, 275-292. 
Hanson, A., and Z. Samani, 1994. Closure to Remediation of Chromium Containing Soils by 
Heap Leaching: Column Study, American Society of Civil Engineers Journal of the 
Environmental Engineering Division, ASCE-JEED. 
Haque, K.E., 1999. Microwave energy for mineral treatment processes- a brief review. 
International Journal of Minerals Processing 57, 1-24. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
139 
Harlamovs, J.R. "Heap bioleaching process for the extraction of zinc" C.A. Patent 2353002.  13 
July 2001. 
Harmer, S.L., Thomas, J.E., Fornasiero, D., Gerson, A.R., 2006. The evolution of surface layers 
formed during chalcopyrite leaching. Geochim Cosmochim Acta; 70:4392-402. 
Harneit, K., Göksel, A., Kock, D., Klock J.-H., Gehrke,T., Sand W., 2006. Adhesion to metal 
sulphide surfaces by cells of Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and 
Leptospirillum ferrooxidans, Hydrometallurgy 83, (1-4), 245-254. 
Harvey, A. E. "Drainage system for aeration heap leaching comprising perforated flat tubes" 
Z.A. Patent 06, 09785. 16 May 2007. 
Harvey, A. E., Toddgunn, J., John, M. "Air distributor for heap leaching process" Z.A. Patent ZA 
07,01408. 30 January 2007. 
Harvey, T.J., Adutwum, K.O., Potter, G.M., 1998. Heap biooxidation for the treatment of low-
grade refractory ores at Ashanti Goldfields’ Obuasi operations. In: Randol gold and silver forum, 
Denver, 267-274. 
Harvey, T.J., Bath, M.D., 2003. Development of the first commercial GEOCOAT® heap leach 
for refractory gold at the Agnes Mine, Barberton South Africa. In: Tsezos M, Hatzikioseyian A, 
Remoundaki E (eds) Biohydrometallurgy: a sustainable technology in evolution (part I). National 
Technical University of Athens, 387-398. 
Helle, S., Kelm, U., Barrientos, A., Rivas, P., Reghezza, A., 2005. Improvement of mineralogical 
and chemical characterization to predict the acid leaching of geometallurgical units from Mina 
Sur, Chuquicamata, Chile, Minerals Engineering (18), 1334-1336. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
140 
Herkenhoff, E. C., Dean, J.G., 1987. Heap leaching: agglomerate or deslime?, Engineering 
Mining Journal 188(6), 32-39. 
Hernandez, P., Jose, O., Casas D. P., Jesus, M. "Method and system for the solar heap leaching 
of minerals, using solar concentrating collectors, based on Fresnel lenses with solar tracking" 
C.L. Patent 02,722011. 8 February 2011. 
Hexa-Cover, 2014, floating cover available from: http://www.hexa-cover.dk/uk/hexa-cover-
floating-cover.html 
Hirato, T., Majima, H., Awakura, Y., 1987. The leaching of chalcopyrite with ferric sulphate. 
Metallurgical Transactions. B 18B, 489-496. 
Hiroyoshi, N., Miki, H., Hirajima, T., Tsunekawa, M., 2000. A model for ferrous-promoted 
chalcopyrite leaching, Hydrometallurgy 57, 31-8. 
Hiskey, J. B., 1986. Current status of U.S. gold and silver heap leaching operations, Au & Ag 
heap and dump leaching practice with panel discussion, chapter-1, ISBN 0-89520-425-8, 1-7. 
Hiskey, J.B., 1983. Heap leaching practice at Alligator Ridge, chapter 1, current status of U.S. 
gold and silver heap leaching operations, heap and dump leaching practice, proceedings from the 
1983 SME Fall Meeting, October 19-21, Salt Lake City, 1-7. 
Horlick, J.M., Cooper, W.C., Clark, A.H, 1981. Aspects of the mineralogy and hydrometallurgy 
of chrysocolla, with special reference to the Cuajone, Peru, ores, International Journal of Mineral 
Processing 8, 49-59. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
141 
Hunter, J. C., Williams, L.T. "Heap leaching of sulphide ores" E.P. Patent 06,0705013. 21 March 
2005. 
Hunter, J.C. "Bacterial oxidation of sulphide ores and concentrates" A.U. Patent 265199. 3 
September 1999. 
Hunter, J.C. "Method for the bacterially assisted heap leaching of chalcopyrite"A.U. Patent 
355101. 6 March 2001. 
Hunter, J.C., Williams, L.T. "Improved bacterial oxidation of sulphide ores and concentrates" 
A.U. Patent 265199. 3 September 1999. 
Ilankoon, I.M.S.K.,  Neethling,  S.J., 2013. The effect of particle porosity on liquid holdup in 
heap leaching, Minerals Engineering 45 (2013) 73-80. 
Ilankoon, S., Neethling, S., 2012. Effect of particle porosity on liquid drainage in heaps, 
Proceedings of the 4th International Seminar on Process Hydrometallurgy, Editors, Casas, J.M., 
Frías, S.,C., Ciminelli, V.S.T., Montes-Atenas, G., Stubina, N., 11-13 july 2012, Santiago, Chile, 
200-210. 
Ilyas, S., Lee, J-chun., Chi, R-an., 2013. Bioleaching of metals from electronic scrap and its 
potential for commercial exploitation, Hydrometallurgy (131-132), 138-143. 
Jeffrey, M.I., Ritchie, I.M., 2001. The leaching and electrochemistry of gold in high purity 
cyanide solutions. Journal of the Electrochemical Society 148 (4), D29–D36. 
Johannes, L., Gaunt, J., and Rondon, M., 2006. Bio-char sequestration in terrestrial ecosystems-
A review. Mitigation and Adaptation Strategies for Global Change 11: 403-427. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
142 
Johansson, C. Kohr, K.J., Shield, J. Shrader, V. "Method for improving the heap biooxidation 
rate of refractory sulphide ore particles that are biooxidized using recycled bioleachate solution" 
U.S. Patent 08,652993. 25 October 1994. 
Johansson, C., Shrader, V. Suissa, J., Adutwum, K., Kohr W., 1999. Use of the GEOCOAT™ 
process for the recovery of copper from chalcopyrite, Biohydrometallurgy and the Environment 
Toward the Mining of the 21st Century-Proceedings of the International Biohydrometallurgy 
Symposium Edited By R. Amils and A. Ballester, Process Metallurgy 9, 569-576. 
Johnson, D.B., 2008. Biodiversity and interactions of acidophiles: Key to understanding and 
optimizing microbial processing of ores and concentrates, Transactions of the Nonferrous Metals 
Society of China 18, 1367-1373. 
Johnson, D.B., Hallberg, K.B., 2005. Biogeochemistry of the compost bioreactor components of 
a composite acid mine drainage passive remediation system Science of the Total Environment 
338, 81-93. 
Johnson, P. H. "Cellular heap leach process and apparatus" U.S. Patent  06,696842. March 1, 
1983. 
Jones, D.A., Kingman, S.W., Whittles, D.N., Lowndes, I.S., 2005. Understanding microwave 
assisted breakage. Minerals Engineering 18, 659-669. 
Kaplun, K., Li, J., Kawashima, N., Gerson, A.R., 2011. Cu and Fe chalcopyrite leach activation 
energies and the effect of added Fe<sup>3+</sup>, Geochim Cosmochim Acta 75, 5865-5878. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
143 
Kappes, D.W., 2002. Precious metal heap leach design and practice, in Proc. Mineral Processing 
Plant design, Practice and Control, SME, Colorado, USA, ISBN 0-87335-223-8, Vol.2, 1606-
1630. 
Karidakis, T., Agatzini-Leonardou, S., Neou-Syngouna, P., 2005. Removal of magnesium from 
nickel laterite leach liquors by chemical precipitation using calcium hydroxide and the potential 
use of the precipitate as a filler material, Hydrometallurgy 76, 105-114. 
Kawashima, Y. Li, N., Chandra, J. Li, A.P., Gerson, A.R., 2013. A review of the structure, and 
fundamental mechanisms and kinetics of the leaching of chalcopyrite, Advances in Colloid and 
Interface Science (197-198), 1-32. 
Kedem, O and Bromberg, L., 1993. Ion-exchange membranes in extraction processes, Journal of 
Membrane Science 78, 255-264. 
Kerley, B.J., 1983. Recovery of precious metals from difficult ores. US patent, 1983, no. 
4369061. 
Kerr, E.M. "Polymeric combinations used as copper and precious metal heap leaching 
agglomeration aids" U.S. Patent 08,953426. 17 October 1997. 
King, J. A. "Method for initiating heap bioleaching of sulphidic ores"U.S. Patent 09,033448. 2 
March 1998. 
Kingman, S.W., Jackson, K., Bradshaw, S.M., Rowson, N.A., Greenwood, R., 2004. An 
investigation into the influence of microwave treatment on mineral ore comminution, Powder 
Technology 146, 176-184. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
144 
Kingman, S.W., Rowson, N.A., 1998. Microwave treatment of minerals-a review. Minerals 
Engineering 11, 1081-1087. 
Kinnunen, P.H.-M., Puhakka, J.A., 2004. Chloride-promoted leaching of chalcopyrite 
concentrate by biologically-produced ferric ion. Journal of Chemical Technology 79, 830-834. 
Kohorn, H.V. "Heap leaching device" U.S. Patent 06,205877. 10 November 1980. 
Kohr, W. J. "High temperature heap bioleaching process" U.S. Patent 10,964208. 12 October 
2004. 
Kohr, W.J., Shrader, V. and Johansson, C., 2002. "High temperature heap bioleaching process" 
U. S. Patent Application 02,194962. 26 December 2002. 
Koleini, S.M.J., Barani, K., Rezaei, B., 2012. The effect of microwave treatment upon dry 
grinding kinetics of an iron ore, Mineral Processing and Extractive Metallurgy Review Journal 
33 (2), 159-169. 
Konishi, Y., Tokushiko, M., Asai, S., and Susuki, T. 2001. Copper reovery from chalcopyrite 
concentrate by acidophilic thermophile Acidianus brierleyi in batch and continous-flow stirred 
tank reactor, Hydrometallurgy 59, 271-282 
Krauth, R. G. "Controlled percolation method for heap leach mining" U.S. Patent 07,646658. 3 
November 1987. 
Krieg, I. "Method and apparatus for distributing fluid to a leach field surface" U.S. Patent 
09,063385. 21 April 1998. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
145 
Kunz, D. J., 2001. A overview of the S & K copper mine heap leach, SX-EW process monywa 
project, Myanmar, SME Annual Meeting Feb. 26-28, Denver, Colorado. 
Kupka, D., Rzhepishevska, O.I., Dopson, M., Lindström, E.B., Karnachuk, O.V. and Tuovinen, 
O.H., 2007. Bacterial oxidation of Ferrous Iron at Low Temperatures. Biofuel and 
Environmental Biotechnology 97, 1470-1478. 
Kuwazawa, T. "Method of leaching copper sulphide ore" J.P. Patent 09,142823. 16 June 2009. 
Kyle, J., 2010. Nickel laterite processing technologies-where to next?, ALTA, 
Nickel/Cobalt/Copper Conference, 24-27 May, Perth, Australia. 
La Brooy, S.R., Linge, H.G., Walker, G.S., 1994. Review of gold extraction from ores, Minerals 
Engineering 7, 213-1241. 
Lancaster, T and Walsh, D, 1997. The development of the aeration of copper sulphide ore at 
Girilambone, in Proceedings Biomine 97, (Australian Mineral Foundation: Sydney). 
Lane R. P. "Method and apparatus for solar heating a mining leach solution" B.R. Patent 
10,222328. 17 August 2001. 
Lane, R. P. "Method and apparatus for solar heating and distributing a mining leach solution" 
U.S. Patent 09,271542. 18 March 1999. 
Lane, R.P., "Method and apparatus for solar heating and distributing a mining leach solution" U. 
S. Patent 6,149711. 21 November 2000. 
Lang, K. J. Mathieu, G., Banas, R.C., Will, R.A. "Heap leach operations" W.O. 11,068859 A1. 2 
December, 2009 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
146 
Langhans, J.W., Lei, K.P.V. and Carnahan, T.G., 1992. Copper-catalysed thiosulphate leaching 
of low-grade gold ores, Hydrometallurgy 29, 191-203. 
Larba, R., Boukerche, I., Alane, N., Habbache, N., Djerad, S., Tifouti, L., 2013. Citric acid as an 
alternative lixiviant for zinc oxide dissolution, Hydrometallurgy (134-135), 117-123. 
Lauterbach, A., 2004. Reduction of perchlorate levels of sodium and potassium nitrates derived 
from natural caliche ore. ACS Sym. Ser. 872, 45-57. 
Leahy, M.J., Davidson, M.R., Schwarz, M.P., 2005. A model for heap bioleaching of chalcocite 
with heat balance: Bacterial temperature dependence. Minerals Engineering 18, 1239-1252. 
Leahy, M.J., Davidson, M.R., Schwarz, M.P., 2007. A model for heap bioleaching of chalcocite 
with heat balance: Mesophiles and moderate thermophiles, Hydrometallurgy 85, 24-41. 
John, L.W., 2011. The art of heap leaching-the fundamentals, Percolation Leaching: Southern 
African Institute of Mining and Metallurgy Percolation Leaching: The status globally and in 
Southern Africa, South Africa, 17-43. 
Lesty, S. and Surjous, R. "Process of heap leaching" U.S. Patent 626724. 2 July 1984. 
Lewandowski, K. A., Komar Kowatra, S., 2009. Binders for heap leaching agglomeration. 
Minerals & Metallurgical Processing 26(1), 1-24. 
Lewandowski, K.A., Eisele, T.C., Kawatra, S.K., 2010. Agglomeration for copper heap leaching. 
In: Proceedings XXV International Mineral Processing Congress (IMPC 2010), September 6-10, 
Brisbane, Australia, 183-192. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
147 
Lewandowski, K.A., Gurtler, J.A., Eisele, T.C., Kawatra S.K., 2006. determination of acid 
resistance of copper ore agglomerates in heap leaching, the Sohn International Symposium on 
Advanced Processing of Metals and Materials, Edited by F. Kongoli and R.G. Reddy TMS (The 
Minerals, Metals & Materials Society), Volume 6-New, improved and existing technologies: 
Aqueous and electrochemical processing. 
Li, J., Kawashima, N., Kaplun, K., Absolon, V.J., Gerson, A.R., 2010. Chalcopyrite leaching: the 
rate controlling factors, Geochim Cosmochim Acta, 74, 2881-93. 
Liddell, K. C., 2005. Shrinking core models in hydrometallurgy: What students are not being 
told about the pseudo-steady approximation, Hydrometallurgy 79, 62-72. 
Lin, C.L. and Miller, J.D., 2005. 3D characterization and analysis of particle shape using X-ray 
microtomography (XMT). Powder Technology 154, 61-73. 
Lipiec, i. A., Bautista, R. G., 1998. Considerations in the extraction of metal from heap leaches, 
Transactions of the Indian Institute of Metals 51(1), 7-16. 
Liu, H. "Process for Heap Leaching of Nickeliferous Oxidic Ores" A.U. Patent 05,902462. 13 
May 2005. 
Liu, H. "Saprolite neutralisation of heap leach process" A.U. Patent 08,903045. 16 June 2008. 
Liu, H. Mille, W. G. "Process for recovery of nickel and cobalt by heap leaching of low-grade 
nickel or cobalt containing material" A.U. Patent 03,903632. 14 July 2003. 
Liu, H-L., Teng, C-H., Cheng, Y-C., 2004. A semiempirical model for bacterial growth and 
bioleaching of Acidithiobacillus spp, Chemical Engineering Journal 99, 77-87. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
148 
Lizama, H. M., 2001. Copper bioleaching behaviour in an aerated heap, Int. J. Miner. Process 62, 
257-269 
Lizama, H.M., 2004. A kinetic description of percolation bioleaching, Minerals Engineering 17, 
23–32. 
Lizama, H.M., 2009. Oxygen liquid-film mass transfer in heap leaching, Hydrometallurgy 100, 
29-34. 
Lizama, H.M., Harlamovs, J.R., Belanger, S., Brienne, S.H., 2003. The Teck Cominco 
Hydrozinc™ process. In:Young, C., <I>et al</I>. (Eds.), Hydrometallurgy 2003, Proceedings of 
the 5th International Symposium Honouring Professor Ian M. Ritchie. Electrometallurgy and 
Environmental Hydrometallurgy, vol. 2. TMS Publishers, Warrendale, PA, USA, pp. 1503-1516. 
Lizama, H.M., Harlamovs, J.R., McKay, D.J., Dai, Z., 2005. Heap leaching kinetics are 
proportional to the irrigation rate divided by heap height.Minerals Engineering 18 (6), 623-630. 
Lizama, H.M., Jensen, S.E., Stradling, A.W., 2012. Dynamic microbial populations in heap 
leaching of zinc sulphide ore, Minerals Engineering 25, 54-58. 
Lorenzen, L., van Deventer, J.S.J., 1992. Electrochemical interactions between gold and its 
associated minerals during cyanidation, Hydrometallurgy 30, 177-194. 
Lottering, M.J., Lorenzen, L., Phala, N.S., Smit, J.T., Schalkwyk, G.A.C., 2008. Mineralogy and 
uranium leaching response of low-grade South African ores. Miner. Eng. 21 (1), 16-22. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
149 
Lu, J., Dreisinger, D., West-Sells, P., 2007. Acid curing and agglomeration. In: Cu 2007, ed. 
P.A. Riveros, D.G. Dixon, D.B. Dresinger and M.J. Collins. The John E. Dutrizac International 
Symposium on Copper Hydrometallurgy, Toronto, 2007, 453-464. 
Lunt, D., Poulter, S. and Canterford, J., 1997. Hydrometallurgical treatment of copper 
concentrates: What are the real process options? Unpublished paper presented at ALTA Copper 
1997: (Brisbane, Qld.), ALTA Metallurgical Services, Melbourne, 24 pp 
Lupo, J.F., 2010. Liner system design for heap leach pads, Geotextiles and Geomembranes 28, 
163-173. 
Lusinga, D., 2011. Dissertation of the Master of Science, Chemical Engineering, University of 
Cape Town, South Africa. 
MacPhail, P. K., Fleming C.A. and Sarbutt K. W., 1998. Cyanide Recovery by the SART 
Process for the Lobo-Marte Project, Chile. Randol Gold Forum, Denver Co. 26-29 April 1998. 
Majdi, A., Amini, M., Karimi Nasab, S., 2007. Adequate drainage system design for heap 
leaching structures, Journal of Hazardous Materials 147, 288-296. 
Manabe, M. "Method of leaching copper sulphide ore with the use of iodine" J.P. Patent 
08,189258. 23 July 2008. 
Marsden, J., Todd, L., Moritz, R., 1995. Effect of lift height, overall heap height and climate on 
heap leaching efficiency, for presentation at the SME Annual Meeting, Denver, Colorado, 1-11. 
Marsden, J.O. 2008. Energy efficiency and copper hydrometallurgy. In Young, C.A., Taylor, 
P.R., Anderson, C.G. & Choi, Y (eds.) Hydrometallurgy 2008: Proceedings of the sixth 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
150 
international symposium, Phoenix, Arizona, 17-20 August 2008, 29-42. Colorado: Society for 
Mining, Metallurgy and Exploration, Inc. 
Marsden, J.O., 2006. Recent developments in copper hydrometallurgy, Sohn International 
Symposium Advanced processing of metals and materials. Volume 3- Thermo and 
physicochemical principles: Special materials and aqueous and electrochemical processing, 
Edited by F. Kongoli and R.G. Reddy TMS (The Minerals, Metals & Materials Society). 
Marsden, J.O., and House, C.I., 2006. The chemistry of gold extraction: Littleton, Colorado, 
Society for Mining, Metallurgy, and Exploration, Inc., 651 p. 
Maziers, E., Miserque, O., Slawinski, M., Stephenne, V., "Geo-membrane applications", W.O. 
Patent 06,067180 A1. 22 December 2004. 
McClelland, G. E., Pool, D. L., Eisele, J. A., 1983. Agglomeration-heap leaching operations in 
the precious metals industry, United States. Bureau of Mines U.S. Dept. of the Interior, Bureau 
of Mines, Technology & Engineering 16, 39-45. 
McClelland, G.E., 1988. Testing of Ore, Introduction to Evaluation, Design and Operation of 
Precious Metal Heap Leaching Projects, D van Zyl, I.A, Hutchison, and J.E. Kiel, eds, SME, 
Littleton, CO, 61-67. 
McInnes, C.M., Sparrow, G.J., Woodcock, J.T., 1994. Extraction of platinum, palladium, and 
gold by cyanidation of Coronation Hill ore. Hydrometallurgy 35, 141-159. 
McNab, B., 2006. Exploring HPGR technology for heap leaching of fresh rock gold ores, HR 
Crushing and Grinding Conference, 2006, Townsville, 1-26. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
151 
Mellado, M.E., Galvez, E.D.,  Ordóñez, J.,  Cisternas, L.A., 2012. A posteriori analysis of 
analytical models for heap leaching, Minerals & Metallurgical Processing Journal 29 (2), 103-
112. 
Mellado, M.E., Gálvez, E.D., Cisternas, L.A., 2011. On the optimization of flow rates on copper 
heap leaching operations, International Journal of Mineral Processing 101, 75-80. 
Mena, M., Olson, F. A., 1985. Leaching of chrysocolla with ammoniaammonium carbonates 
solutions. Metallurgical Transaction B. 16(3), 441-448. 
Menacho, J. "Heap leaching aeration system" U.S. Patent 13,0106001A1. 21 June, 2010. 
Michael, R. "Method for Agglomeration" A.U. Patent 06,903158. 12 June 2006. 
Miki, H., Nicol, M., 2011. The dissolution of chalcopyrite in chloride solutions. Part IV. The 
kinetics of the auto-oxidation of copper(I). Hydrometallurgy 105, 246–250. 
Miller J. D. "Method for Agglomeration" U.S. Patent 13388231. 2 August 2010. 
Miller J.D., Wang, X.L., Chen-Lun, K.P "Method for Agglomeration" U.S. Patent 61230458. 31 
July 2009. 
Miller, G. M., 2003a. ore geotechnical effects on copper heap leaching kinetics, 
Hydrometallurgy-Fifth International Conference in Honor of Professor Ian Ritchie-TMS (The 
Minerals, Metals & Materials Society), 2003, Edited by Young, C.A., Alfantazi, A.M., 
Anderson, C.G., Dreisinger, D.B., Harris B. and James, A., Volume 1: Leaching and Solution 
Purification. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
152 
Miller, G.M., 2003b. Water consumption optimisation in copper heap Leach-SX-EW projects, 
water in mining conference, Brisbane, QLD, 13-15 October 2003. 
Miller, J. D., Lin, C. L., Garcia, C. and Arias, H., 2003. Ultimate recovery in heap leaching 
operations as established from mineral exposure analysis by X-ray microtomography. 
International Journal of Mineral Processing 72, 331-342. 
Miller, J.D., McDonough, P.J., Portillo, H.Q., 1981. Electrochemistry in silver catalyzed ferric 
sulfate leaching of chalcopyrite. In: Kuhn MC, ed. Process and fundamental considerations of 
selected hydrometallurgical systems. SME-AIME, New York, 327-338. 
Miller, J.D., Portillo, H.Q., 1979. Silver catalysis in ferric sulfate leaching of chalcopyrite. In: 
Laskowski J,ed. XIII International Min Proc Conf. Elsevier, Amsterdam, 851-901. 
Miller, P., Winby, R.D. "An improved method for heap leaching of chalcopyrite" A.U. Patent 
045699. 19 May 1999. 
Montealegre, R., Bustos, S.,Rauld, J., Ruiz,P., Arriagada, F., Rojas,J., Jo, M., Neuberg, H., 
Yanez, H., Araya, C., Espejo, R., D'Amico, J., Reyes, R., 1995. Copper sulphide 
hydrometallurgy and the thin layer bacterial leaching technology of Sociedad Minera Pudahuel. 
In: Cooper, W.C., Dreisinger, D.B., Dutrizac, J.E., Hein, H., Ugarte, G. (Eds.), Copper '95-Cobre 
'95: Proc. Intl. Conference (Santiago, Chile) Volume III Electrorefining and Hydrometal-lurgy of 
Copper. TMS, Warrendale, pp. 781-793. 
Moreno, L., Martinez, J., Casas, J., 1999. Modelling of bioleaching copper sulphide ores in heaps 
or dumps. Process Metallurgy 9, 443-453. 
Morgan, H., "Process of treating copper ores", U.S. Patent 1,895,811. 15 December 1933. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
153 
Moroney, A.S. "Limonite and saprolite heap leach process" A.U. Patent 07904992. 13 
September 2007. 
Mular, A.L., Halbe, D.N., Barratt, D.J., 2005. Mineral processing plant design, practice, and 
control proceedings, vol.1, Society for mining, metallurgy and exploration (SME), ISBN 0-
87335-223-8. 
Muller E. L. "Chloride Heap Leaching" Z.A. Patent 06,03788. 12 May 2006. 
Muñoz, J.A., Gonzalez, F., Blazquez, M.L., Ballester, A., 1995. A study of the bioleaching of a 
Spanish uranium ore. Part I: A review of the bacterial leaching in the treatment of uranium ores. 
Hydrometallurgy 38, 39-57. 
Muzawazi, C., Petersen, J., 2015. Heap and tank leaching of copper and nickel from a Platreef 
flotation concentrate using ammoniacal solution. Canadian Metallurgical Quarterly 54, 296-303. 
Mwase, J.M., Petersen, J., Eksteen, J.J., 2012. A conceptual flowsheet for heap leaching of 
platinum group metals (PGMs) from a low-grade ore concentrate, Hydrometallurgy (111-112), 
129-135. 
Mwase, J.M., Petersen, J., Eksteen, J.J., 2014. A conceptual flowsheet for heap leaching of 
platinum group metals (PGMs) from a low-grade ore concentrate, Hydrometallurgy 
Hydrometallurgy 141, 97-104. 
Nemati, M., Harrison, S.T.L., Hansford, G.S. and Webb, C., (1998). Biological oxidation of 
ferrous sulphate by Thiobacillus ferrooxidans: a review of kinetic aspects. Biochem. Eng. J 1, 
171-190. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
154 
Nicholas, A., Rhee, A. S-J., "Geomembranes", U.S. Patent 5736237 A. 25 Novvember 1996. 
Nicol, M., 2010. Enhanced Leaching of Chalcopyrite at Low Potentials in Chloride Solutions 2. 
Mechanisms, Copper 2010 at Hamburg, Germany, Proceedings of Copper 2010, Volume 5, 
1753-1770. 
Nicol, M., Miki, H., Rautenbach, D., Velasques, V., Van Buuren, C., 2011. The development of 
heap leaching in chloride solutions for primary and secondary copper, Percolation Leaching: 
Southern African Institute of Mining and Metallurgy Percolation Leaching: The status globally 
and in Southern Africa 2011, 183-200. 
Nicol, M., Miki, H., Velásquez-Yévenes, L., 2010. The dissolution of chalcopyrite in chloride 
solutions. Part 3. Mechanisms. Hydrometallurgy 103, 86-95. 
Nies, D.H., 1999. Microbial heavy-metal resistance. Appl Microbiol Biotechnol 51, 730-750. 
Norton, A.E., Crundwell, F.K., 2004. The HotHeap™ process for the heap leaching of 
chalcopyrite ores. SAIMM Colloquium: Innova- tions in Leaching Technologies (Saxonwold, 
RSA). SAIMM, Johannesburg. 24 pp 
Ogbonna, N., Petersen, J. and Laurie, H., 2006. An agglomerate scale model for the heap 
bioleaching of chalcocite, The Journal of the South African Institute of Mining and Metallurgy 
106, 433-442. 
Ohtsuka, N. "Method of leaching copper sulphide ores containing chalcopyrite" J.P. Patent 
06,204454. 27 July 2006. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
155 
Ojumu, T.V., Harrison S.T.L., Hansford, G.S., Petersen J., 2008a. Biooxidation kinetics of 
Leptospirillum ferriphilum under heap bioleach conditions, Proceedings of the 6th International 
Hydrometellurgy Symposium, Honoring Robert S. Shoemaker, Editors, Young, C.A., Taylor, 
P.R.,  Anderson, C.G. and Choi, Y., SME, Littleton, CO, 2008, pp 484-491. 
Ojumu, T.V., Petersen, J., Hansford, G.S., 2008b. The effect of dissolved cations on microbial 
ferrous-iron oxidation by Leptospirillum ferriphilum in continuous culture, Hydrometallurgy 94, 
69-76. 
Ojumu, T.V., Petersen, J., Hansford, G.S., 2007. The Effect of Aluminium and Magnesium 
Sulphate on the Rate of Ferrous Iron Oxidation by Leptospirillum ferriphilum in Continuous 
Culture; in Biohydrometallurgy: From the single cell to the environment; IBS2007 Proceedings 
of the 17th International Biohydrometallurgy Symposium, A. Schippers, W Sand, F. Glombitza, 
S. Willscher (Eds.), Trans Tech Publications Ltd, Switzerland (2007), 156-159. 
Okibe, N. and Johnson, D.B., 2011. A rapid ATP-based method for determining active microbial 
populations in mineral leach liquors, Hydrometallurgy 108, 195-198. 
Okibe, N., Gericke, M., Hallberg, K.B., Johnson, D.B., 2003. Enumeration and characterization 
of acidophilic microorganisms isolated from a pilot plant stirred tank bioleaching operation. 
Applied Environmental Microbiology 69, 1936-1943. 
Oliphant, J., Walker, Jr. D. D. "Composition and method for agglomerating ore" U.S. Patent 
92,002111. 13 March 1989. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
156 
Olson, G.J., Brierley, J.A., and Brierley, C.L., 2003. Bioleaching review part B: Progress in 
bioleaching: applications of microbial processes by the minerals industries. Applied 
Microbiology Biotechnology 63,249-257. 
Padilla, G. A., Cisternas, L. A. and Cueto, J. Y., 2008. On the optimization of heap leaching. 
Minerals Engineering 21, 673-678. 
Pantelis, G., Ritchie, A. I. M. and Stepanyants, Y. A., 2002. A conceptual model for the 
description of oxidation and transport processes in sulphidic waste rock dumps. Applied 
Mathematical Modelling 26, 751-769. 
Pantelis, G., Ritchie, A. I. M., 1991. Macroscopic transport mechanisms as a ratelimiting factor 
in dump leaching of pyritic ores, Appl. Math. Modelling 15, 136-143. 
Paul H., Johnson, P.H. "Thin layer leaching method" U.S. Patent 05,562962. 28 March 1975. 
Paul, D. O., Ferron, A. O., 1983. Leaching kinetics of malachite in ammonium carbonate 
solutions. Metallurgical Transaction B. 14(1), 33-40. 
Pereira, G.S.D.P "Process for extraction of nickel, cobalt, and other base metals from laterite 
ores by using heap leaching and product containing nickel, cobalt, and other metals from laterite 
ores" B.R. Patent 505828. 28 November 2005. 
Petersen, J and Dixon, D.G., 2002a. Systematic modelling of heap leaching processes for 
optimisation and design. Proceedings of the EPD Congress and Fundamentals of Advanced 
Materials for Energy Conversion. TMS, 757-771. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
157 
Petersen, J and Dixon, D.G., 2002b. Thermophilic heap leaching of a chalcopyrite concentrate. 
Minerals Engineering 15, 777-785. 
Petersen, J and Dixon, D.G., 2003. The dynamics of chalcocite heap bioleaching. In C.A. Young, 
A.M. Alfantazi, C.G. Anderson, D.B. Dreisinger, B. Harris, and A. James, editors, 
Hydrometallurgy 2003, volume 1, 351-364. TMS. 
Petersen, J, 2010. Determination of oxygen gas-liquid mass transfer rates in heap bioleach 
reactors, Minerals Engineering, 23, 504-510. 
Petersen, J. Dann, M.S. "Apparatus and Method for Measuring Flow" S.A. Patent 10/06168. 1 
June 2010. 
Petersen, J., 2015. Heap Leaching as a Key Technology for Recovery of Values from Low-grade 
Ores - A Brief Overview. Hydrometallurgy (in press). Published online 26-SEP-2015; DOI: 
10.1016/j.hydromet.2015.09.001 
Petersen, J., and Dixon, D.G., 2007. Modelling zinc heap bioleaching, Hydrometallurgy 85, 127-
136. 
Petersen, J., Minaar, S.H., du Plessis, C.A., 2011. Respirometry studies of the bioleaching of a 
copper ore in larg  columns-effect of changing temperatures, the 19th International 
Biohydrometallurgy Symposium (IBS2011)., September 18-22, 2011, Changsha-China, Volume 
I, 53-58. 
Petersen, J., Minnaar, S.H., du Plessis, C.A, 2010. Carbon dioxide and oxygen consumption 
during the bioleaching of a copper ore in a large isothermal column, Hydrometallurgy 104, 356-
362. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
158 
Pietsch, W., 2005. Unwanted agglomeration: how it happens and how to prevent it. Powder and 
Bulk Engineering 19, 67-73. 
Pinches, A. , Myburgh, P. J., Merwe, C., "Process for the Rapid Leaching of Chalcopyrite in the 
Absence of Catalysis" US. Patent  6277341 B1,  13 Ddecember2001. 
Plumb, J.J., Mcsweeney, N., Haddad, C., Muddle, R. and Franzmann, P.D., 2007. Effects of 
Temperature on Fe<sup>2+ </sup>and S<sup>0</sup> Oxidations Kinetics of Selected Strains, 
P768 A: Improving Heap Bioleaching (Confidential report). AMIRA international Limited 
Melbourne. 
Pokorny, L., Maturana, I., 1997. Sodium Nitrate, Fourth edition. Kirk-Othmer ECT 
Encyclopedia of Chemical Technology 22, 383-393. 
Polizzotti D. M. "Cationic graft polymer agglomeration agents for mineral bearing ores" U.S. 
Patent 08,301454. 6 September 1994. 
Polizzotti D. M. "Heap leaching agglomeration and detoxification" U.S. Patent 07,742828. 20 
March 1989. 
Potter, G.M., 1981. Design factors for heap leaching operations. Mining Engineering 33 (3), 277-
281. 
Pownceby, M.I., MacRae, C.M. and Wilson, N.C., 2007. Mineral characterisation by EPMA 
mapping. Minerals Engineering 20, 444-461. 
Pradhan, N., Nathsarma, K.C., Srinivasa Rao, K., Sukla, L.B. Mishra, B.K., 2008, Heap 
bioleaching of chalcopyrite: A review, Minerals Engineering 21, 355-365. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
159 
Prasad, M.S., Mensah-Biney, R., Pizarro, R.S., 1991. Modern trends in gold processing-
overview, Minerals Engineering 4, 1257-1277. 
Prasher, C.L., 1987. Crushing and Grinding Process Handbook, John Wiley & Sons Limited, 
Chichester. 
Price, D.W., Warren, G.W., 1986. The influence of silver ion on the electrochemical response of 
chalcopyrite and other mineral sulphide electrodes in sulphuric acid. Hydrometallurgy 15: 303-
324. 
Prosser, A.P., Box, J.C., 1983. Simulation of the mineralogical and chemical aspects of heap and 
dump leaching as an aid to ore-proc. Australasian Institute of Mining and Metallurgy. 
Rao, S.R., Leja, J., 2004. Surface Chemistry of Froth Flotation. Kluwer Academic/ Plenum 
Publishers, New York. 
Raul, J., Montealegre, R., Schmidt, P., and Domic, E, 1986. TL leaching process: a 
phenomenalogical nodel for oxide copper ores treatment. In: Bautista,R., Wesley,R. and Warren, 
G( Eds.), Hydrometallurgical Reactor Design and kinetics. TMS-AIME,Warrendale, PA, pp,75-
103. 
Rauld, J.F.,  Mdegr , R.,  Schmidt,  P., Domic, E., 1986, T.L.  Leachg  Process:  A 
Phenomenological Model fbr Oxide Copper  Ores  Treatment", Hydrometallurgical Reactor  
Design  and Kinetics.  Eds.  RG. Bautista, RJ. Weseley  and  G.W. Warren, TMS-AIME 
Meeting, New Oreleans, USA, 57- 103. 
Rawlings, D. E., Dew, D., Plessis, C.D, 2003. Biomineralization of metal-containing ores and 
concentrates, Trends in Biotechnology 21, 1, 38-44. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
160 
Rawlings, D.E., 2004. Microbial assisted dissolution of minerals and its use in the mining 
industry. Pure Applied Chemistry 76(4), 876-59. 
Rawlings, D.E., 2005. Characteristics and adaptability of iron- and sulphur-oxidizing 
microorganisms used for the recovery of metals from minerals and their concentrates. Microbial 
Cell Factories 4(13), 1475-2859. 
Rawlings, D.E., Johnson, D.B. 2007. The microbiology of biomining: development and 
optimization of mineral-oxidizing microbial consortia, Microbiology 153, 315-324. 
Readett and Fox, 2010. Commercialization of Nickel Heap leaching at Murrin Murrin 
operations, Proceedings of XXV International Mineral Processing Congress (IMPC), Brisbane, 
Queensland, Australia, 6-10 September,  3611-3616. 
Readett, D., Meadows, N., Rodríguez, M., 2006. Murrin Murrin heap leaching project, 
Metallurgical Plant Design and Operating Strategies (MetPlant 2006), Perth, WA, 18-19. 
Reddy, B.R.; Priya, D. N., Rao, S.V.; Radhika, P., 2005. Solvent extraction and separation of 
Cd(II), Ni(II) and Co(II) from chloride leach liquors of spent Ni-Cd batteries using commercial 
organo-phosphotus extractants. Hydrometallurgy 77, 253-261. 
Remonsellez, F., Galleguillos, F., Janse van Rensburg, S., Rautenbach, G.F., Galleguillos, P., 
Castillo, D., and Demergasso, C. 2007. Monitoring the microbial community inhabiting a low-
grade copper sulphide ore by quantitative real-time PCR analysis of 16S rRNA genes, Advanced 
Materials Research (20-21), 539-542. 
Renato, D. S. C., Flavia, D. M. "An ore heap leaching process for metal production with the aid 
of solar energy" B.R. Patent 07,000136. 2 January 2006. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
161 
Renken, K., Yanful, E.K., and Mchaina, D.M., 2005. Field performance evaluation of soil-based 
cover systems to mitigate ARD for the closure of a potentially acid-generating tailings storage 
facility. British Columbia Reclamation Symposium. Abbotsford, BC. Sept. 19-22. 
Rich, R.L., 2008. Inorganic Reactions in Water. 3e edition. Springer. Berlin Heidelberg, Editor, 
263-283. 
Rodríguez, M., Wedderburn J. B "Hydrometallurgical method for the extraction of nickel and 
cobalt from laterite ores" E.P. Patent 06,0774795. 9 August 2005. 
Rodríguez, Y., Ballester, A., Blázquez, M.L., González, F., Muñoz, J.A., 2003. New information 
on the chalcopyrite bioleaching mechanism at low and high temperature. Hydrometallurgy 71, 
47-56. 
Roman, R.J. and Olsen, C., 2000. Theoretical scale-up of heap leaching. Solution Mining 
Symposium, AIME. 1974, 211-229. 
Rosenblum, F., Spira, P., 1995. Evaluation of hazard from self-heating of sulphide rock. 
Canadian Institute of Mining, Metallurgy and Petroleum Bulletin 88, 44-49. 
Rossana, C., Brantes, A., 2010. Management and Use of Water in the Chilean Copper Mining 
Industry: State of the Art and Forecast 2009-2020, 7th International Copper 2010-Cobre 2010 
Conference at Hamburg, Germany, Proceedings of Copper 2010, Volume 7, 333-349. 
Rucker, D.F., McNeilla, M., Schindlerb, A., Noonana, G., 2009a. Monitoring of a secondary 
recovery application of leachate injection into a heap, Hydrometallurgy 99, 238-248. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
162 
Rucker, D.F., Schindler, A., Levitt, M.T., Glaser, D.R., 2009b. Three-dimensional electrical 
resistivity imaging of a gold heap, Hydrometallurgy 98, 267-275. 
Rucker, D.F., 2015. Deep well rinsing of a copper oxide heap, Hydrometallurgy 153, 145-153. 
Saari, P., Riekkola-Vanhanen, M., 2011. Talvivaara bio-heap leaching process, Percolation 
Leaching: Southern African Institute of Mining and Metallurgy Percolation Leaching: The status 
globally and in Southern Africa 2011, 53-66. 
Sánchez-Chacón, A.E, Lapidus, G.T., 1997. Model for heap leaching of gold ores by 
cyanidation, Hydrometallurgy 44, (1-2), 1-20 
Sand, W., Gehrke, T., 2006. Extracellular polymeric substances mediate bioleaching/ 
biocorrosion via interfacial processes involving iron (III) ions and acidophilic bacteria. Res. 
Microbiol. 157, 49-56. 
Sargand, S. M., Masada, T., Goddard, J., 2013. Field load testing of copper extraction aeration 
pipes under simulated high heap pile, International Journal of Mining Science and Technology 
23, 751-756. 
Saririchi,T., Roosta Azad, R., Arabian, D., Molaie, A., Nemati, F., 2012. On the optimization of 
sphalerite bioleaching; the inspection of intermittent irrigation, type of agglomeration, feed 
formulation and their interactions on the bioleaching of low-grade zinc sulphide ores, Chemical 
Engineering Journal 187, 217-221. 
Scheding, W.M., Sherring, A.J., Binns, D., Parker, R.H., Wills, B.A.,1981.The Effect of Thermal 
Pre-treatment on Grinding Characteristics, Camborne School of Mines Journal 81, 43-44. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
163 
Scheffel, R., 2002. Copper Heap Leach Design and Practice, Mineral processing plant design, 
practice, and control: proceedings, vol. 2, Chapter 12, edited by Andrew L. Mular, Doug N. 
Halbe, Derek J. Barratt, 1571-1605. 
Scheffel, R., 2010. Heap Leaching design for success-a case study, Low-grade uranium dump 
and heap leach technical meeting, March 29-31, International Atomic Energy Agency (IAEA), 
nuclear fuel cycle and materials section, Vienna International Center, Wagramer Strasse, Vienna, 
Austria. 
Scheffel, R.E., 2006. The rewards of patience, SME Annual Convention, March 28-31, 2006, St. 
Louis, MO, USA. 
Schlitt, W. J., 2006. History of Forced Aeration in Copper Sulphide Leaching, SME Annual 
Meeting, March 27-29, 2006, St. Louis, MO. 
Schlitt, W.J., 1992. Solution mining: surface techniques, SME Mining Engineering Handbook, 
Ed: Howard L Hartman, Chapter 15.2, vol. 2, 1478-1492. 
Schlitt, W.J., 2005. Things learned in 35 years of leaching, ALTA Copper conference, May 18-
20, Perth, Australia. 
Schlumberger, 2015, available from: 
http://www.slb.com/resources/case_studies/water/water_heap_leach_cs.aspx 
Schnell, H., 1997. Bioleaching of Copper. In: Rawlings, D.E. (Ed.), Biomining: Theory, 
Microbes and Industrial Processes. Springer Verlag, Berlin, 21-43. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
164 
Schnell, H., 1998. Bacterial heap leach practice at Quebrada Blanca. Proceedings, Randol 
Copper Hydrometallurgy Roundtable ’97. Randol, Lakewood, CO, USA, 319-321. 
Schnell, H., 2013. Designing and Building Heap Leach Projects, Keynote Address in the first 
international heap leach solutions conference, September 22-25, 2013 Vancouver-Canada. 
Schouwstra, R.P., Kinloch, E.D., LEE, C.A., 2000. A short review of the Bushveld Complex. 
Platinum Minerals Rev. 44, 33-39. 
Seal, T., Winterton, J., Rucker, D., 2011. HYDRO-JEX© operations at AngloGold Ashanti’s 
Cripple Creek & Victor gold mine, SME Annual Meeting, Denver, CO. 
Seal, T.J. "Remedial heap treatment" U.S. Patent 10591052. 18 March 2005. 
Shafer, J.L., White, M.L., Caenepeel, C.L., 1979. Application of the shrinking core model for 
copper oxide leaching. In: AIME Transactions AIME. 
Shakir, K., Aziz, M., Beheir, S. B., 1992. Studies on uranium recovery from a uranium bearing 
phosphatic sandstone by a combined heap leaching-liquid-gel extraction process. 1 Heap 
leaching, Hydrometallurgy 31, 29-40. 
Shaw, R.W. "Recovery of copper from chalcopyrite" A.U. Patent PR855201. 29 October 2001. 
Shayestehfar, M.R., Karimi Nasab, S., Mohammadalizadeh, H., 2008. Mineralogy, petrology and 
chemistry studies to evaluate oxide copper ores for heap leaching in Sarcheshmeh copper mine, 
Kerman, Iran. Journal of Hazardous Materials (154), 602-612. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
165 
Sheikhzadeh, G.A., Mehrabian, M.A., 2007. Simulation of heap leaching process in a bed of 
porous and spherical ore particles", International Journal of Numerical Methods for Heat & Fluid 
Flow 17 (6), 638-653. 
Sheikhzadeh, G.A., Mehrabian, M.A., Mansouri, S.H., Sarrafi. A., 2005. Computational 
modelling of unsaturated flow of liquid in heap leaching-using the results of column tests to 
calibrate model. International Journal of Heat and Mass Transfer 48, 279-292. 
Shiers, D.W., Blight, K.R. and Ralph, D.R., 2005. Sodium sulphate and sodium chloride effects 
on batch culture of iron oxidising bacteria. Hydrometallurgy 80, 75- 82. 
Sidborn, M., Casas, J. Martínez, J. and Moreno, L., 2003. Two-dimensional dynamic model of a 
copper sulphide ore bed, Hydrometallurgy 71, 67-81. 
Sierakowski, M., J., Waddell, J., E. "Fluorocarbon fluids as gas carriers to air base metal heap 
leaching operations" U.S. Patent 08,514808. 14 August 1995. 
Simmons, G.L. "Method for treating mineral material having organic carbon to facilitate 
recovery of gold and silver". U.S. Patent 5536480. 29 November 1994. 
Smith, S.E., Garrett, K.H., 1972. Some recent developments in the extraction of uranium from its 
ores, Chem. Eng. (London) 268, 440-456. 
Sokic, M.D., Markovic, B., Zivkovic, D., 2009. Kinetics of chalcopyrite leaching by sodium 
nitrate in sulphuric acid, Hydrometallurgy 95, 273-9. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
166 
Soleimani, M., Petersen, J., Roostaazad, R., Hosseini, S., Mousavi, M, Najafi, A., Kazemi Vasiri, 
A., 2011. Leaching of a zinc ore and concentrate using the Geocoat™ technology, Minerals 
Engineering 24, 64-69. 
Soto, P.E., Galleguillos, P.A., Serón, M.A., Zepeda, V.J., Demergasso, C.S., Pinilla, C., 2013. 
Parameters influencing the microbial oxidation activity in the industrial bioleaching heap at 
Escondida mine, Chile, Hydrometallurgy 133, 2013, 51-57. 
Srithammavut, W., 2008. Modelling of gold cyanidation, Master of Science (Technology) 
Thesis, Lappeenranta University of Technology, Faculty of Technology, Degree Programme of 
Chemical and Process Engineering. 
Steemson, M., Sepulveda, C., Smith, M., 2010. Water management in tropical nickel laterite 
heap leach projects, Water in Mining, 2nd International congress on water management in the 
mining industry, 9-11 June, Santiago, Chile. 
Stevenson, R., Harrison, S. T. L., Mantle, M. D., Sederman, A. J., Moraczewski, T. L. and Johns, 
M. L., 2010. Analysis of partial suspension in stirred mixing cells using both MRI and ERT', 
Chemical Engineering Science 65(4), 1385-1393. 
Strachan, C., van Zyl, D., 1987. Feasibility assessment for increasing heap thicknesses at the 
Alligator Ridge mine, Geotechnical Aspects of Heap Leach Design, edited by D van Zyl, 
Publication: AIME., 65-76. 
Taylor, A., 2007. Innovations and trends in uranium ore treatment, ALTA 2007-Nickel/Cobalt, 
Copper & Uranium Conference, Perth, Australia, May 19-26. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
167 
Taylor, A., 2009. Trends in nickel-cobalt processing, ALTA 2009-Nickel/Cobalt, Copper and 
Uranium conference, Perth, Australia, May 25-30. 
Thiela, R., Smith, M. E., 2004. State of the practice review of heap leach pad design issues-
Technical Note, Geotextiles and Geomembranes 22, 555-568 
Thiela, R.S., Smith, M.E., 2003. State of the practice review of heap leach pad design issues, 
Proc. GRI-18, Las Vegas, Nevada, USA, vol. 22, 555-568. 
Todd, L.R., 2014. Stockpile Leaching at Freeport-McMoRan Meeting the Challenges, Heap 
Leach Solutions conference, 10-13 November 2014, Lima- Peru. 
Torres, V.M., Costa, R.S., 1997. Recovery and production of gold and platinum-group metals by 
using cyanidation under pressureBraindex online database. Retrieved: 2 July, 2007 from 
http://www.braindex.com/patent_pdf/1997. 
Tozawa, K., Inui, Y., and Umetsu, Y., 1981. Dissolution of gold in ammoniacal thiosulphate 
solution, 110 th Annual meeting of AIME, Chicago, Illinois, TMS paper,  # A81-25. 
Tributsch, H., 2001. Direct versus indirect bioleaching, Hydrometallurgy 59, 177-185. 
Tromans, D., 2000. Modeling oxygen solubility in water and electrolyte solutions. Ind. Eng. 
Chem. Res. 39 (3), 805-812. 
Tunley, T., Huberts, R., Fowles, R., Bell, M.W. "The recovery of nickel using heap leaching" 
Z.A. Patent 9405687. 1 August 1994. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
168 
Ulrich, B., Andrade, H., Gardner, T., 2003. Lessons learnt from heap leaching operations in 
South America-An update”, The Journal of the South African institute of mining and metallurgy, 
Jan/Feb, 23-28. 
Underwood T. R. "Method for improved percolation through ore heaps by agglomerating ore 
with a surfactant and polymer mixture" U.S. Patent 09,039617. 16 March 1998. 
Valencia, J. A., Méndez D. A., Cueto J. Y., Cisternas, L. A., 2008. Saltpeter extraction and 
modelling of caliche mineral heap leaching, Hydrometallurgy 90, 103-114. 
Van Buuren, C. "Method of and apparatus for simulating a biological heap leaching process" 
Z.A. Patent 2003,9936. 23 December 2003. 
Van der Meer, F.P. "Procedure for producing microcracks in ore rock" D.E. Patent 
102011102677. 28 May 2011. 
van Staden, P.J., 2011. Opening Address: Percolation leaching to date in southern Africa, 
Percolation Leaching: Southern African Institute of Mining and Metallurgy Percolation 
Leaching: The status globally and in Southern Africa, South Africa. 
van Staden, P.J., 2007a. Base metals heap leaching applications and process parameters, Fourth 
Southern African Bas  Metals Conference, Swakopmund, Namibia, 23-25 July 2007, 321-328, 
van Staden, P.J., 2008.  Heap Leach Research at Mintek,  Presented at ALTA 2008 
van Staden, P.J., Robertson, S.W., Gericke, M., Neale, J.W., Seyedbagheri, A.,  2009. 
maximising the value derived from laboratory testwork towards heap leaching design, Fifth 
Southern African Base Metals Conference Kasane, Botswana, 27-31 July 2009, 185-200, 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
169 
van Staden, P.J., Vercuil, A.J.R., Unpublished research results. Mintek. 2005. 
van Staden, P.J., 2007b. Progress at Mintek in Heap Bioleaching. Presented at IV plant design, 
practice, and control: proceedings, Volume 2, 1571-1605, SME. 
Van Zyl, D., Bronson, B., 1994. Geotechnical and Environmental Aspects of Heap Leach 
Design, Operation and Closure. Recent trends in heap leaching 27-29 September Bendigo. 
Varas, C.A., and Videla, N.M., 2003. A new method for heap leaching testing, Proceedings of 
the Copper 2003- The 5th International Conference-Volume VI: Leaching and Process 
Development, Nov.30-Dec.3, 2003, Santiago, pp. 147-159, Canadian Institute of Mining, 
Metallurgy and Petroleum, Montreal, Quebec, Canada. 
Vaughan, J. 2004. The Process Mineralogy of Gold: The Classification of Ore Types. JOM 56 
(7), 46-48. 
Vaughan, J., and A. Kyin. 2004. “Refractory gold ores in Archaean greenstones, Western 
Australia: mineralogy, gold paragenesis, metallurgical characterization and classification.” 
Mineralogical Magazine 68, 255-277. 
Vladimir, B., 2015. Heap Leach: Mining's breakthrough technology available form 
http://www.mining.com/heap-leach-minings-breakthrough-technology/ 
Vegliò, F., Trifoni, M., Pagnanelli, F. and Toro, L., 2001. Shrinking core model with variable 
activation energy: a kinetic model of manganiferous ore leaching with sulphuric acid and lactose. 
Hydrometallurgy 60, 167-179. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
170 
Velarde, G., 2005. Agglomeration control for heap leaching processes. Mineral Processing & 
Extractive Metallurgy Review 26, 219-231. 
Velardo, A., Giona, M., Adrover, A., Pagnanelli, F. and Toro, L., 2002. Two-layer shrinking-
core model: parameter estimation for the reaction order in leaching processes. Chemical 
Engineering Journal 90, 231-240. 
Velásquez-Yévenes, L., Miki, H., Nicol, M., 2010b. The dissolution of chalcopyrite in chloride 
solutions. Part 2. Effect of various parameters on the rate. Hydrometallurgy 103, 80-85. 
Velásquez-Yévenes, L., Nicol, M., Miki, H., 2010a. The dissolution of chalcopyrite in chloride 
solutions. Part 1. The effect of solution potential. Hydrometallurgy 103, 108-113. 
Vilcáez, J., Yamada, R., Inoue, C., 2009. Effect of pH reduction and ferric ion addition on the 
leaching of chalcopyrite at thermophilic temperatures. Hydrometallurgy 96, 62-71. 
Wan R.Y., Levier. M., Clayton, R. "Hydrometallurgical process for the recovery of precious 
metal values from precious metal ores with thiosulphate lixiviant" U.S. Patent 5354359. 28 July 
1993. 
Wan, R.Y. and Brierley, J. A., 1997. Thiosulphate leaching following biooxidation pre-treatment 
for gold recovery from refractory carbonaceous-sulphidic ore, Mining Engineering, 76-80. 
Wan, R.Y., 1997. Importance of solution chemistry for Thiosulphate leaching of gold, World 
Gold 97 Symposium, AusIMM., 159-161. 
Wana, R., LeVier, K.M., 2003. Solution chemistry factors for gold thiosulphate heap leaching. 
International Journal of Mineral Processing, 72, (1-4), 311-322. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
171 
Wang, M., Zhang, Y., Deng, T. and Wang, K., 2004. Kinetic modeling for the bacterial leaching 
of chalcopyrite catalyzed by silver ions. . Minerals Engineering 17, 943 -947. 
Wang, X., Rosenblum, F., Nesset, J.E., Somot, S., Finch, J.A., 2009. Oxidation, weight gain and 
self-heating of sulphides. In: Proceedings of the Forty First Annual Meeting of the Canadian 
Mineral Processors, pp. 63-77. 
Watling, H.R., 2006. The bioleaching of sulphide minerals with emphasis on copper sulphides-A 
review, Hydrometallurgy 84, 81-102. 
Watling, H.R., 2013. Chalcopyrite hydrometallurgy at atmospheric pressure: 1. Review of acidic 
sulphate, sulphate-chloride and sulphate–nitrate process options, Hydrometallurgy 140, 163-180. 
Watling, H.R., 2014. Chalcopyrite hydrometallurgy at atmospheric pressure: 2. Review of acidic 
chloride process options, Hydrometallurgy 146, 96-110. 
Welham, N.J. "Method for ammoniacal leaching" A.U. Patent 07,903815. 13 July 2007. 
Winby, R., Miller, P.C., "An improved method for heap leaching of chalcopyrite" WO 
71,763AA1 30 November 2000. 
Wisniak, J., Garcés, I., 2001. The rise and fall of the salitre (sodium nitrate) industry. Ind. J. 
Chem. Technol. 8, 427-438. 
Wu, A., Yin, S., Qin, W., Liu, J., Qiu, G., 2009, The effect of preferential flow on extraction and 
surface morphology of copper sulphides during heap leaching, Hydrometallurgy 95, 76-81. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
172 
Wu, C.B., Zeng, W.M., Zhou, H.B., Fu, B., Huang, J.F., Qiu, G.Z., Wang, D.Z., 2007. 
Bioleaching of chalcopyrite by mixed culture of moderately thermophilic microorganisms. J. 
Cent. S. Univ. Technol. 14, 474-478. 
www.amec.com 
www.sgs.com/mining 
www.tntinc.com 
www.ore-max.com 
Yang, B.H., Wu, A.-X., Jiang, H.C. and Chen, X.S., 2008. Evolution of permeability of ore 
granular media during heap leaching based on image analysis. Transactions of Nonferrous 
Metals Society of China 18, 426-433. 
Zeng, W., Qiu, G., Zhou, H., Chen M., 2011. Electrochemical behaviour of massive chalcopyrite 
electrodes bioleached by moderately thermophilic microorganisms at 48 °C, Hydrometallurgy, 
105, 259-263. 
Zepeda, V.J., Cautivo, D., Galleguillos, P.A., Salazar, C.N., Velásquez, A., Pinilla, C., and 
Demergasso, C., S., 2013, Effect of increased acid concentration on the microbial population 
inhabiting an industrial heap bioleaching plant,  Advanced Materials Research Vol. 825, 2013, 
348-351. 
Table 1: The percolation leaching types and typical criteria (adapted from John, 2011): n.a. 
denotes not applicable. 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
173 
<B>Type</B> 
<B>Particle size</B> 
<B>(P<SUB>80</SUB> 
mm)</B> 
<B>Crushed</B> <B>Agglomeration</B> 
<B>Irrigation 
rates</B> 
<B>(Lm<sup>-
2</sup> 
h<sup>-
1</sup>)</B> 
<B>Lift 
height</B> 
<B>(m)</B> 
<B>Leach 
time</B> 
<B>(Years)</B> 
<B>Recovery</B> 
<B>(Typical 
%)</B> 
<B>ISL</B> >1000 mm 
Can be In-situ 
Blasted 
n.a. 
Wide and 
varied 
n.a. 
Cu: >5 and U: 1-
3 
5-50 
<B>DL</B> 1000-30 mm No No 2-15 8-75 m 
Cu: >10 and Au: 
2-6 
20-85 
<B>HL</B> 100-5 mm Yes Mostly 2-15 2-10 m 
Cu: 1-4, Ni: 1-5 
U: 1-3, Au: 0.1-
2 
40-97 
<B>VL</B> 10-0.5 mm Yes Maybe 10-50 1-5 m 4-30 days 80-97 
<B>AFHL</B> 1-0.25 mm 
Yes and /or 
Yes 2-15 1-5 m 
As per heap 
70-97 
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milled leach 
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Table 2: Advantages/disadvantages of heap leaching. 
<B>Advantages</B> <B>Disadvantages</B> 
 Low capital and operating costs 
 Quick installation 
 Low energy requirements in terms 
of comminution: only primary and 
secondary crushing required, but no milling 
 Can be used to treat low-grade ores, 
wastes and small deposits 
 Simplicity in terms of equipment and 
operation 
 No solid/liquid separation needed after 
the process 
 No separate tailing disposal 
 Metal tenor may be built up by recycling 
solution over heaps 
 less water requirement compared to 
 Recovery is generally lower than 
in agitated leaching 
 Slow leach kinetics 
 Large solution hold-up within ore 
bed 
 Large footprint; needs suitable 
terrain  
 Lack of options to control the 
process 
 Potential for accidental 
environmental release of pregnant leach 
solution (PLS) 
 Lengthy large scale column test 
work program required for design data; 
may require large drill-core ore sample 
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flotation 
 Potential integration with other treatment 
options, e.g. integration with a pressure 
oxidation (POX) circuit to produce the 
sulphuric acid needed for leaching 
 Ramp-up time is generally lengthy 
 Long-term closure issues due to the 
large footprint and potential acid rock 
drainage from spent heaps, especially if 
sulphides present 
 More water lost by evaporation 
compared with  other leaching methods 
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Table 3: The list of the patents for bacterially assisted heap leaching of chalcopyrite in the 
presence and absence of catalysts. 
Methods Inventor (s) 
High Temperature Leaching Process Dew <I>et al</I>., 2007 
Method of leaching copper sulphide ores containing 
chalcopyrite 
Ohtsuka, 2006 
A method for the bacterially assisted heap leaching of 
chalcopyrite 
Hunter, 2001 
Recovery of copper from chalcopyrite Shaw, 2001 
A process for the leaching of copper from chalcopyrite using 
ferric  
Pinches <I>et al</I>., 
2001 
An improved method for heap leaching of chalcopyrite Miller and Winby, 1999  
 
<B>Table 4</B><B>:</B> Typical classification of heap pads with characteristics and 
schematices (Schnell, 2013; Lupo, 2010; Thiel and Smith, 2004; van Zyl and Bronson, 1994). 
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Leach pad 
types 
Characteristics Schematic (www.amec.com) 
Standard 
 Needs large area for pad 
construction and expansion 
 Relatively flat topography 
preferred, but can be constructed in rougher 
terrain 
 External solution and storm water 
ponds 
 Large flood/storm event capacity 
due to larger active areas 
 Can tolerate variable ore 
production and leach cycle time 
 Relatively simple liner system 
(single-composite) 
 Low initial capital cost 
 Consider incremental pad 
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expansion 
 
Valley fill 
 Uses topography (valley, 
drainages, basins) to form heap pad 
 Foundation slopes can often get 
very steep (40 to 50 percent) 
 Generally more expensive than 
other leach pads (more upfront earthworks) 
 Requires hard, durable ore 
 Can tolerate variable ore 
production and leach cycle time 
 Internal solution storage (no 
external ponds). Internal pond double lined with 
leak detection/ collection system. 
 Requires pumping system for 
internal pond(s) 
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On/ Off 
(reusable) 
 Generally less expensive to 
construct than other pads, but higher operational 
cost per tonne (double-handling ore) 
 Ore type: 
 Ores with short leach cycles (30 
days or less) 
 Soft ores that cannot be stacked 
very high 
 Lower operational flexibility, 
cannot tolerate variable ore production and leach 
cycle time 
 Needs a suitable waste site for 
spent ore 
 Higher maintenance: 
 Liner damage 
 Fines generation plugging solution 
collection pipes 
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 Need to build at least three pads or 
cells to have continuous operation 
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<B>Table 5</B><B>:</B> Characteristics of sprinklers or drip irrigation systems (Guzman, 
2008; Burgmayer, 2002; Wan and Brierley, 1997; Wan, 1997). 
<B>Irrigation 
systems</B> 
<B>Characteristics</B> 
<B>Schematic (www.ore-
max.com)</B> 
Drippers 
(emitters) 
 Gentle solution application 
 Less evaporation losses (2 to 3 times 
less than sprays) 
 Easy to install and can be installed 
in uneven surface 
 Dripper tubes can be buried to 
provide a measure of insulation from low 
temperature surface conditions. Solution 
distribution not as even as sprays (improved by 
decreasing spacing) 
 Less environment/ health issue due 
to reduced entrainment in air 
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Sprays 
(Wobblers) 
 Good and even flow distribution 
 Easy to maintain 
 Easy visual check 
 Simple way to achieve increase in 
flow (replace nozzle or increase pressure) 
 Solution oxygenation 
 High surface impact energies (could 
lead to surface compaction) 
 More evaporation losses (advantage 
in rainy climates) 
 Could lead to environmental/ health 
issues, especially in windy conditions 
 
 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 E
xe
ter
] a
t 0
1:5
7 2
4 N
ov
em
be
r 2
01
5 
Ac
ce
pte
d M
an
us
cri
pt
 
184 
<B>Table 6</B><B>:</B> Heap leach test work, typical progress in phases and aims 
Heap leach test 
work 
Typical progress in phases Aim (s) 
Metallurgical test 
work 
 
 Soluble metal 
 Shake flask test (bacterial 
leaching) 
 Bottle test 
 Columns 
 Cribs (concrete boxes) 
 Pilot (demo heap) 
To establish metallurgical parameters: 
particle size, recoveries, leach agent 
type and consumption, heap height, 
irrigation rate, leach cycle, leaching 
stages, impurities build-up, curing 
requirement (acid dosage directly to the 
ore previous irrigation). Additionally 
for bio heap leaching: air flow rates, 
bacterial compatibility, nutrient 
requirements 
Hydraulic and 
geo-mechanical 
test work 
 Load percolation and load 
permeability 
 Triaxial and direct shear 
test 
Confirm irrigation rates, heap height, 
heap stability, ‘ripios’ stability (on/off) 
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Table 7: Historical and present gold heap leaching plants (Data presented here either are obtained 
from official organizations of the countries where gold heap leaching plants are located, or from 
official profiles of the companies which are/were operating the process. The list is not 
exhaustive, however, as many small-scale operations are notoriously difficult to track). 
<B>Plant</B> <B>Location</B> 
<B>Start-up or 
commissioned</B> 
<B>Ounces of gold 
per year</B> 
Cortez heap leach USA 1969-present 1,500,000 
Ortiz Gold Mine USA 1980-1986 30,000 
Chimney Creek Gold 
Project 
USA 1986-1990 35,000 
Sao Bento Brazil 1990-present 8,000 
Fosterville Australia 1991-present 580,643 
Harbour Lights Australia 1992-1994 40.000-100.00 
McDonald Gold heap 
USA 1993-1995 285,000 
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leaching 
McDonald Gold 
ROM leaching 
USA 1993-1995 40,000 
Wiluna Australia 1993-present 120,000 
Youanmi Australia 1994-1998 50,000-60,000 
Ashanti Ghana 1994-present 410,000 
Sansu Ghana 1994-present 420,000 
Newmont-Carlin USA 1995-present 1,680,000 
Andacollo Oro Chile 1995-present 46,170 
La Coipa Chile 1999-present 178,287 
Tamboraque Peru 1999-present 27,000 
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Agnes South Africa 2003-2006 25,000 
Córrego do Sitio Brazil 2004-present 245,000 
Los Filos Mexico 2005-Present 300,000 
Refugio( Maricunga) Chile 2005-Present 236,368 
Sodzal Kazakhstan 2006-present 89,000 
Walter Creek USA 2006-present 333,383 
Kişladağ Turkey 2006-present 300,000-335,000 
Bogoso/Prestea Ghana 2007-present 176,000 
Kokpatas Uzbekistan 2007-present 440,000 
Gedabek plant Azerbaijan 2009-Present 54,000-60,000 
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Table 8: Historical commercial copper heap and dump leaching operations now closed (Data 
presented here either are obtained from official organizations of the countries where copper heap 
leaching plants are located or from official profiles of the companies which were operating the 
process. The list is not exhaustive, however, as many small-scale operations are difficult to 
track). 
<B>Plant</B> <B>Location</B> 
<B>Cathode copper 
production (t.a<sup>-
1</sup>)</B> 
<B>Years in 
operation</B> 
<B>Heap 
leaching</B> 
Bluebird Mine USA 6000 1968-1980 
Lo Aguirre Chile 15,000 1980-1996 
Mount Gordon 
(formerly 
Gunpower) 
Australia 33,000 1991-2008 
Mt. Leyshon Australia 750 1992-1997 
Girilambone Australia 14,000 1993-2003 
Ivan-Zar Chile 10,000 1994-2012 
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Morenci biological 
heap leaching 
USA 108,000 1998-2001 
Equatorial 
Tonopah 
USA 25,000 2000-2001 
Safford Project USA 93,000-109,000 2004-2007 
El Abra Chile 147,000 2004-2009 
Jinchuan China 10,000 2006-2009 
Zijinshan China 10,000 2006-2009 
<B>Dump 
leaching</B> 
El Abra Run-of-
Mine leaching 
Chile 45,000 2000-2002 
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Table 9: Present commercial copper (oxide and sulphide) heap leaching plants (Data presented 
here either are obtained from official organizations of the countries where copper heap leaching 
plants are located, or from official profiles of the companies which are operating the process. 
The list is not exhaustive, however, as many small-scale operations are difficult to track). 
<B>Plant</B> <B>Location</B> 
<B>Cathode copper 
production (t.a<sup>-
1</sup>)</B> 
<B>Years in 
operation</B> 
Lince  Chile 37,700 1991-Present 
Girilambone Australia 14,100 1993-Present 
Cerro Colorado Chile 83,400 1993-Present 
Punta del Cobre Chile 7,000-8,000 1994-Present 
Quebrada Blanca Chile 63,000 1994-Present 
Biocobre Chile 12,000 1994-Present 
Cananea Mexico 54,750 1995-Present 
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Phoenix deposit Cyprus 8,000 1996-Present 
Andacollo Sulphuros 
(Hipogeno) 
Chile 4,000 1996-Present 
Mt Cuthbert Australia 15,000 1996-Present 
Andacollo-Cobre Chile 21,000 1996-Present 
Dos Amigos Chile 10,000 1996-Present 
Skouriotissa Cyprus 8,000 1996-Present 
Mantoverde (MVN) Chile 57,000 1996-Present 
Cerro Verde Peru 54,200 1997-Present 
Radomiro Tomic Chile 300,000 1998-Present 
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Monywa Myanmar 40,000 1998-Present 
Nifty Copper Australia 16,000 1998-Present 
Morenci engineered heap 
Project 
USA 365,000 1998-Present 
Escondida Oxides  Chile 150,000 1998-Present 
Zaldivar Chile 132,088 1998-Present 
Cobriza Peru 3,000 1999-Present 
Three valleys Chile 14,000 1999-Present 
Cerro negro (Planta) Chile 3,400 1999-Present 
Media Luna Chile 2,400 1999-Present 
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El Abra  Chile 153,314 2000- Present 
Delta  Chile 400 2005-Present 
Lisbon Valley USA 27,000 2006-Present 
Whim Creek and Mons 
Cupri 
Australia 17,000 2006-Present 
Jinchuan copper China 10,000 2006-Present 
Spence Chile 180,300 2007-Present 
El Soldado-Oxide  Chile 2,000 2007-Present 
Gabriela Mistral Chile 30,000 2008-Present 
Caserones copper deposit Chile 30,000 2013-Present 
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Table 10: Present commercial copper dump leaching plants (Data presented here either are 
obtained from official organizations of the countries where copper dump leaching plants are 
located, or from official profiles of the companies which are/were operating the process. The list 
is not exhaustive, however, as many small-scale operations are difficult to track). 
<B>Plant</B> <B>Location</B> 
<B>Cathode copper 
production (t.a<sup>-
1</sup>)</B> 
<B>Years in 
operation</B> 
Bagdad USA 88,000 1968-Present 
Los Bronces Chile 40,741 1980-Present 
Toquepala Peru 44,000 1980-Present 
Quebrada Blanca Chile 22,900 1994-Present 
Pinto Valley USA 10,000 1998-Present 
Zaldivar Chile 18,000 1998-Present 
Mantos Blancos - 
Chile 46,200 1999-Present 
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Oxide  
Mantoverde (MVN) Chile 6,000 1999-Present 
Chuquicamata Chile 26,000 2011-Present 
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Table 11: The list of the patents for application of heap leaching processes in extraction of nickel 
from laterites. 
<B>Methods</B> <B>Inventor (s)</B> 
Saprolite neutralisation of heap leach process Liu, 2008  
Limonite and saprolite heap leach process Moroney, 2007 
Hydrometallurgical method for the extraction of nickel and cobalt from 
laterite ores 
Rodríguez and Wedderburn, 
2005 
Process for extraction of nickel, cobalt, and other base metals from 
laterite ores by using heap leaching and product containing nickel, 
cobalt, and other metals from laterite ores 
Pereira, 2005 
An improved process for heap leaching of nickeliferous oxidic ores Liu, 2005 
Production of ferro-nickel or nickel matte by a combined 
hydrometallurgical and pyrometallurgical process 
Duarte <I>et al</I>., 2004 
Process for recovery of nickel and cobalt by heap leaching of low-
grade nickel or cobalt containing material 
Liu and Mille, 2003 
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Heap leaching base metals from laterite ores Anthony and Purkiss, 2002 
Heap leaching of nickel containing ore with sulphuric acid Davis <I>et al</I>., 2000 
The recovery of nickel using heap leaching Tunley, <I>et al</I>., 1994 
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Figure 1: Typical heap bioleach flow diagram for copper. 
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Figure 2: Schematic view of a heap section space occupied by ore particles, mobile and stagnant 
air, as well as mobile and stagnant liquid solution phase. Note the cut-out of a single particle 
indicating a micro-pore network continues inside the particles. 
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Figure 3: Typical single and double composite liner. 
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